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SUMMARY 


A  study  lias-been  made  of  methods  of  conducting  preliminary 

estimation  of  the  aerodynamic  characteristics  of  wings  and  profiles 

employing  various  forms  of  high-lift  devices.  These  high-lift  devices 

inciude  al i  forms  of  flow  control  for  which  sufficient  data  are 

available  to  form  the  basis  of  such  semi-empirical  methods  of  estimation. 

-Atfd+t-Tooa44-y,._t^hose  controls  for  which  little  data  exist  are  discussed, as 

i/ycij 

ttt4-Ty-as-passT-b+e .  in  ali  cases  an  attempt  hta^-been  made  to  study  and 

A 

describe  ali  phenomena  basic  to  the  effectiveness  of  the  particular  device, 

VJIaTi!- 

and  extensive  use^of  the  smoke  tunnel  facilities  at  the  Forrestal 

Research  Genter*hds  been  ^nade  f-er  -tht-s-purpose. 

(  di<!  Z 

T+i4e-repcrrt-ineTudes  methods^of  estimating  the  twe-dimensionai 

effectiveness  of  both  leading- and  trai I ing-edge  devices  applied  to 

arbitrary  prof i I es. ‘"These  estimations  are  based  on  data  collected  by  a 

large  number  of  investigators,  substantiated  and  extended  where  necessary 

by  smoke  and  wind  tunnel  tests  conducted  at  Forrestal. 

'^An  intensive  effort  was  made  to  develop  a  technique  of  predicting 

3 

the  creation  and  persistence  of  the  leading-edge  vortex  for  the  tbeee- 
dimensional  case  as  a  function  of  leading-edge  radius,  effective' 

Reynolds  Number,  leading-edge  sweep,  and  aspect  rat i o . /^ Bee-to  the 
unavailability  of  data  and  the  multiplicity  of  important  variables,  this 
approach  proved  unsuccessfu 1^ as  did  all  attempts  to  rigorously  predict  the 
characteristics  of  wings  equipped  with  high-lift  devices*  «md'a+“ttre- 
p<::e-3ent--TTOmeTrt  j_t  appears  that  empirical  results  based  on  closely  similar 
configurations  form  the  only  adequate  means  of  accurately  predicting  the  low- 
speed  performance  capabilities  of  a  given  design.  This  report  attempts, 

X.LCi..,,. 
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however,  to  determine  and  point  out  the  Trends  which  may 
into  control  design  for  a  given  wing  as  well  as  indicate 
further  research  is  apt  to  be  most  profitable. 


give  some  insight 
areas  where 
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CONi-llJENTIAL 
U:  INTRODUCTION 

Hiqh-llft  controls  such  as  trai I ing-edge  flaps  and,  to  a  lesser 
extent,  slots  and  slats  have  been  used  for  a  great  many  years  for  the 
purpose  of  improving  the  take-off  and  landing  characteristics  of  aircraft. 

As  World  War  II  was  spreading  throughout  Europe  it  became  obvious 
that  very  short  take-off  aircraft  of  the  Mason  and  short-haul  cargo 
types  could  be  of  considerable  tactical  use,  particularly  in  operations 
off  unprepared  landing  strips.  This  led  to  the  development  of  aircraft 
using  large,  full  span  slotted  flaps,  leading-edge  slats,  and  finally, 
in  Germany,  to  the  development  of  practicable  powered  controls  involving 
suction  and/or  blowing.  The  use  of  these  relatively  powerful  controls  in 
conjunction  with  what  might  be  called  the  low  performance  type  of  aircraft 
has, 'proven  quite  successful. 

It  must  be  remembered,  however,  that,  in  applying  such  controls  to  a 
design,  the  ideal  aerodynamic  advantage  can  never  be  completely  achieved. 

The  geometric  controls  add  considerable  weight  and  complexity  and  thus  the 
speed  range  (maximum  speed  minus  minimum  speed)  advantage  ideally  yielded  by  such 
controls  is  reduced.  It  has  been  found  to  be  very  disadvantageous  to 
supply  energy  to  the  powered  form  of  control  through  robbing  the 
reciprocating  engine.  Thus,  in  aircraft  powered  with  such  an  engine,  it 
is  generally  necessary  to  provide  an  additional  power  source.  This  again 
can  add  much  weight,  especially  for  the  larger  aircraft  where  the  blowing 
or  suction  must  be  distributed  over  a  greater  span. 

Current  thinking  in  the  low  performance  (  <  500  knots)  field  is 

tending  somewhat  away  from  the  short  take-off  and  landing  (S.T.O.L.) 
aircraft  and  toward  the  vertical  take-off  and  landing  (V.T.O.L.).  This 
trend  is  primarily  a  result  of  a  re-evaluation  of  tactical  needs,  the 
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^  A  T  0  L  when  under  overloaded  conditions. 

VTOL.  aircraft  beins  used  asanS.T.O.L.  -n 

"  H  ble  that  the  S.T.O.L.  alrcra.f  Is  the  .K.re  efficient  nfachfne  ,f 

It  is  probable  that  me  a.  i . 

•lahic  but  this  probability  bas  not  ye 
sufficient  runway  length  isavafl.ble,  bul  th  s  p 

.n^arnl  truth  It  might  be  pointed  out  that^ 
been  ostabMshed  as  a  general  trurn. 

.  p,..  a  thrusting  machine,  many 

I  u  T  n  I  ooerates  primarily  as  a  rnrusi ■  y 
elthough  the  normal  V.T.O.L.  opera 

the  high-lift  deyicesco^n  to  the  S.T.O,L.  may  be  .ncorporated  3 

instance,  heavy  flaps  are  basic  to  the  performance  Of 

I  irh  aircraft  while  the  ducted  fan,  the 
-Vectored  slipstream"  versions  of  such 

t  for  some  V  T.O.  designs,  can  be  made  considerably  more 

„aior  component  for  some  V.T.  Certainly  V.T.O.L.  and 

efficient  through  the  use  of  separatfon  controls.  . 

3  y  0  L  aircraft  are  not  mutually  incompatible.  There  Is  room  for  muc 

^ce  research  Ih  both  fields  and  the  problem  of  flow  cohtrol  must  he  one 

of  the  major  phases  of  such  research.  ^ 

to  this  point  the  discussloh  has  been  ooncerned  with  aircraft  ,h 

-th^+  ir;  relatively  low-speed,  non-combat 
"low-performance"  category,  >  +•  c 

,3,  ,,300  or  Short-haul  trahspor,  types  with  basic  oohffguratfo. 

.„0h,  in  themselves,  are  not  deleterious  to  landing  or  tahe-off  per  or- 

yuo  problem  here  IS  thus  to  mane,  good  low-speed  aircraft  even  better  h  t 

3„3epeeds,  gulte  often  . I th  seemi ngly  complete  dl sregard  for  low-speed- 

performance.  _  manufacturers 

The  rapid  technological  strides  made  by  eng, he  and  a,rtrame 

3,„oe  the.  original  development  of  the  tdrhojet  engine  have  resulted  ,h 

,_ft.  greater  and  ever  greater  high  speed  oapahllit.es.  This  treed  s 

heed  dde  in  large  part  to  the  use  Of  thl„nera„dthln„er  wings,  lower  aspedf 

ratios,  and  generally  higher  wing  loadings.  It  fS  unfortunate  the 
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configuration  changes,  while  pushing  up  maximum  speed,  have  also  severely 
decreased  the  lifting  potential  of  the  airplane  and  thus  radically  increased 
its  minimum  flying  speed.  This  situation,  of  course,  reflects  itself  in 
extremely  long  take-off  and  landing  runs  as  well  as  dangerously  high  touch¬ 
down  speeds. 

Some  current  attempts  to  ease  this  situation  involve  the  design  of 
larger  and  larger  catapults  and  arresting  gears,  the  use  of  drogue-chute 
landings  and,  in  several  cases  where  the  wing  section  and  planform  permit, 
the  use  of  high  angle-of-attack  take-offs  to  achieve  some  lifting  thrust. 
Additionally,  much  effort' is  being  spent  on  the  development  of  suitable 
thrust  reversers. 

Assuming  that  wing  section  and  planform  are  established  by  high  speed 

considerations,  it  is  widely  felt  that  the  most  generally  applicable 

solution  to  the  low  speed  problems  connected  with  high  speed  aircraft  lies 

in  high-lift  flow  control.  Such  a  control  may,  in  general,  be  used 

successfully  for  both  landing  and  take-off,  while  the  usual  power  source 

for  such  aircraft,  the  turbojet  engine,  is,  unlike  the  reciprocating  engine, 

extremely  well  suited  (by  virtue  of  the  excess  pressure  maintained  by  its 

compressor)  to  provide  power  for  a  powered  form  of  flow  control  system.  In 

addition,  the  high-lift  device  may  be. carried  as  an  integral  part  of  the 

wing  and  is  generally  of  such  a  nature  as  to  not  aerodynamical ly  damage  the 

aircraft's  high  speed  performance.  With  the  exception  of  the  very  special 

purpose  "tai I -sitters",  it  is  doubtful  that  any  V.T.O.L.  design  will  rival 

the  more  familiar  configuration  in  the  very  high  speed  regime  for  a  good 

1 

I 

many  years. 
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High-lift  flow  control  as  applied  to  the  high-speed  aircrafi  cerfainly 
maintains  some  of  the  problems  mentioned  previously  concerning  its  use  wifh 
the  "low  performance"  aircraft.  Although  the  problem  of  power  source  is 
alleviated,  the  use  of  powered  controls  on  large  aircraft  is,  because  ol 
weight-addition  and  climb-out  considerations,  not  as  yet  a  completely 
acceptable  solution.  As  was  the  case  with  the  low  performance  aircraft, 
however,  these  problems  normally  simply  serve  to  reduce  the  net  efficiency 
of  the  control  rather  than  to  make  that  control  actually  disadvantageous. 
Perhaps  the  one  disadvantage  to  any  efficiently  designed  control  is  the 
complexity  it  adds  to  the  overall  design. 

Although  high-lift  flow  control  may  be  used  to  advantage  with  any 
aircraft  configuration,  major  interest  lies  in  its  use  with  the  very  high 
performance  or,  on  the  other  hand,  the  very  low  performance  aircraft.  Such 
controls  provide  lift  increases  through  effecting  changes  in  profile 
geometry  or  through  delaying  separation  by  energizing  the  wing's  boundary 
layer.  High-lift  controls  can  be  either  powered  or  unpowered  and  their 
effects  are  often  described  as  "boundary  layer  control  (B.L.C.")  or 
"circulation  control".  Any  one  control  can  be  designed  as  a  combination  of 
the  types  above  and/or  create  effects  which  are  neither  a  pure  B.L.C.  or 
circulation.  Further,  many  control  systems  call  for  more  than  one  high- 
I i ft  device. 

The  effects  of  such  flow  controls  and  flow  controls  systems  are  far 
from  being  completely  understood.  Although  a  large  number  of  different 
systems  have  been  designed  and  developed,  few  inroads  have  been  made  toward 
solidifying  knowledge  regarding  the  flow  processes  involved,  the  true 
capabilities  of  the  more  basic  systems,  and  the  relation  of  the  various 
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systems  to  each  other  as  we  I'  as  to  rhe  possible  parafnefers  ot  significance. 
In  the  important  range  near  maximum  lift  very  little  knowledge  can  be 
brought  to  bear  upon  the  problem  of  predicting  the  characteristics  of  even 
the  uncontrolled  two-dimensional  profile.  The  three-dimensional  case  is 
still  more  a  question  mark,  and  the  addition  of  controls  to  this  case 
further  complicates  the  situation. 

The  field  of  flow  control  has  been  of  particular  interest  to  the 
Subsonic  Aerodynamics  Group  at  Princeton  University  for  the  past  five  years. 
Thus,  when  approached  by  the  Bureau  of  Aeronautics  and  asked  to  conduct 
an  investigation  of  the  flow  mechanisms  of  high-lift  flow  controls  as 
applied  to  wings  and  profiles,  much  of  the  preliminary  thinking  had 
already  been  initiated. 

This  report  represents  a  summary  of  the  state  of  aerodynamic  knowledge 


in  this  important  field.  The  flow  mechanisms  created  by  the  various  control 
types  are  discussed.  In  addition,  an  attempt  has  been  made  to  determine 
and  present  methods  by  which  the  aerodynamic  coefficients  made  possible 
through  use  of  the  various  controls  lean  be  predicted.  The  report 
illustrates  that,  to  a  large  degrde,  effects  of  all  systems  are  but 
results  of  varying  mixtures  of  the  same  few  flow  phenorona  and  hence  the 
different  controls  can  be  treated  in  closely  the  sam^^^'iner. 

It  was  impossible  with  the  limited  time  and  bu/^|^a  I  lotted  to  this 
project  to  launch  an  extensive  exper imentall study j6f  the  subject,  since  such 
a  program  would  require  years  even  if  the  ent|^[|6/faci  I  ities  of  an 
organization  such  as  a  large  governmental  laboratory  were  devoted  to  the 
problem.  In  this  case,  the  facilities  available  were  very  much  less 
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extensive  and  so  recourse  had  +o  be  made  to  limited  experimental  studies  into 
'those  regimes  that  were  nvost  lightly  covered  in  the  literature.  These 
studies,  at  the  request  of  the  Bureau  of  Aeronautics,  were  made  to 
concentrate  on  the  effects  of  the  various  leading-edge  devices;  but  it  is  the 
intention  of  this  report  to  deal,  insofar  as  possible,  with  the  effects 
of  all  forms  of  boundary  layer  and  circulation  control. 

So  as  to  maintain  the  scope  of  this  report  within  reasonable  limits, 
no  attempt  has  been  made  to  deal  with  systems  which  are  primarily  low- 
drag  flow  controls.  Similarly,  no  attempt  has  been  made  herein  to  study 
the  power  requirements  or  weight  addition  necessary  for  operation  of  the 
various  boundary  layer  and  circulation  control  systems  considered,  since, 
to  a  very  great  extent,  these  will  be  determined  by  the  specific  application 
considered,  certain  aircraft  configurations  being  more  amenable  to  some 
types  of  systems  than  others.  No  evaluation  of  the  relative  efficiencies 
of  various  systems  has  been  attempted  since  such  a  comparison  can  only 
i ntel I igent ly  be  made  within  the  I  imitations  of  a  specific  design 
configuration  and  mission. 

The  two-dimensional  portion  of  this  report  is  felt  to  give  quite  a 
complete  state-of-art  aerodynamic  summary.  As  mentioned  previously,,  the 
concentration  here  is  on  leading-edge  devices  as  opposed  to  the  more 
familiar  tra i I ing-edge  controls.  The  important  combination  of  leading- 
edge  and  trai I i ng-edge  controls  has  also  been  considered.  Much  more 
correlative  difficulty  was  encountered  in  the  three-dimensional  studies 
and  this  portion  of  the  report  is  therefore  of  a  more  cursory  and 
qualitative  nature  than  the  two-dimensional  section. 
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Considerable  elementary  and  descriptive  information  has  been 
included  in  the  hope  that  it  will  be  of  assistance  in  the  understanding 
of  the  flow  mechanisms  involved.  There  are  to  be  found,  here  and  there, 
some  rather  speculative  statements  felt  necessary  to  the  proper 
development  of  the  subject  and  indicative  of  little  more  than  the 
intuitive  feelings  of  the  authors.  The  attempt  has  been  made  to  siate  them 
in  such  a  way  that  they  not  be  confused  with  widely  documented  findings. 

A  quite  complete  bibliography  covering  the  field  of  the  aerodynamics 
of  high-lift  flow  controls  may  be  found  at  the  conclusion  of  the  text. 

This  bibliography  has  been  cross-indexed  as  to  subject  and  author  for  the 
convenience  of  the  reader. 
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TWO-DIMENSIONAL  LIFTING  CHARACTERISTICS  OF  PROFILES 
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3.1  STALLING  CHARACTERISTICS  OF  BASIC  WING  SECTIONS 
3.1a  General  Discussion 

(The  material  presented  in  this  entire  section 
draws  very  heavily  on  the  reterenc«s  given  in  the  Bibliography.  Unless 
a  reference  is  used  as  a  major  authority  or  is  directly  quoted,  it  is  not 
specifically  mentioned  in  the  text). 

In  order  to  gain  insight  into  the  complex  phenomenon  of  the  three- 
dimensional  stall  pattern  of  a  wing,  it  is  valuable  to  investigate  the 
two-dimensional  effects  that  give  rise  to  these  three-dimensional 
characteristics. 

In  general,  as  indicated  by  inviscid  theory,  the  slope  of  the  lift 
curve  when  plotted  against  the  angle  of  attack  is  a  straight  line  in  the 
region  of  low  angles  of  attack,  the  exact  value  of  the  slope  varying  with  ' 
the  type  and  condition  of  the  profile  under  consideration.  As  the 
angle  of  attack  is  further  increased,  however,  variations  from  the 
straight  line  appear.  These  may  be  gradual  or  sudden  depending  upon  the 
type  of  boundary  layer  separation  that  occurs,  but  in  every  case  there 
are  symptoms  of  the  flow  mechanism  that  limits  the  lift  producing 
capabilities  of  the  profile  under  consideration.  Since  these  variations 
are  produced  by  the  boundary  layer  they  are  functions  of  all  the  variables 
that  effect  boundary  layer  growth:  Reynolds  Number,  stream  turbulence, 
surface  roughness,  distribution  of  pressure  gradient  produced  by  thickness 
distribution,  leading-edge  radius,  and  camber.  Thus  it  is  not  possible  to 
assign  certain  types  of  flow  separation  to  specific  airfoils  since  the 
character  of  this  separation  may  totally  change  with  a  change  of  flow 
conditions. 
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In  order  To  sruciy  Hie  behavior  of  fhe  boundary  layer  separation, 
consider  the-  profile  shown  in  Fig.  I  emersed  in  a  potential  flow  field 
at  a  fairly  high  angle  of  attack.  The  theoretical  pressure  distribution 
for  this  profile  is  shown  in  Fig.  2,  In  the  region  a  to  b  the  flow  will 
normally  stay  laminar  due  to  the  favorable  pressure  gradient,  but  after 
passing  the  pressure  peak  at  b,  instabilities  will  occur.  Depending 
very  much  upon  the  Reynolds  Number  and  the  magnitude  of  the  adverse 
pressure  gradient,  the  boundary  layer  will  follow  one  of  five  courses. 

It  may; 

(a)  remain  laminar  and  attached  (generally  only  if  the  gradient 
is  small  or  the  distance  to  flow  over  the  surface  is  small) 

(b)  undergo  transition  from  laminar  to  turbulent  flow  and  remain 
attached  to  the  profile's  upper  surface. 

(c)  undergo  transition  from  laminar  to  turbulent  flow  and 
subsequently  separate  from  the  surface. 

(d)  develop  a  laminar  separation  with  reattachment  of  a 
turbulent  flow  to  the  profile's  surface  at  some  point 
downstream. 

(e)  develop  a  laminar  separation  without  subsequent  reattachment. 

The  question  of  whether  or  not  the  boundary  layer  will  separate 

while  remaining  laminar  depends  entirely  on  whether  transition  to 
turbulence,  which  in  turn  depends  on  the  Reynolds  Number,  free  stream 
turbulence,  surface  roughness,  etc,  will  occur  before  the  laminar 
separation  point  has  been  reached.  If  the  boundary  layer  does  become 
turbulent  it  is  able  to  withstand  a  greater- adverse  gradient  than  it 
could  in  its  laminar  state  and  hence,  separation  is  delayed.  As  the  flow 
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proceeds  along  the  upper  surface  the  turbulent  boundary  layer  grows  and 
the  boundary  layer  profile  changes,  leading  to  turbulent  separation. 

These  types  of  boundary  layer  separation  give  rise  to  three  general 
types  of  stall  identified  by  McCullough  and  Gault  (Ref.  10)  as: 

1.  Trai I ing-edge  stall  (preceded  by  movement  of  the  turbulent 
separation  point  forward  from  the  trailing  edge  with  increasing 
angle  of  attack) 

2.  Leading-edge  stall  (abrupt  flow  separation  near  the  leading-edge 
generally  without  subsequent  reattachment) 

3.  Th in-airfoil  stall  (preceded  by  flow  separation  at  the  leading- 
edge  with  reattachment  at  a  point  which  moves  progressively 
rearward  with  increasing  angle  of  attack, 

(It  should  be  pointed  out  that,  like  McCullough  and  Gault,  throughout 
this  report  the  stall  will  be  considered  as  the  flow  condition  which 
follows  the  first  lift  curve  peak). 

An  attempt  will  be  made  in  the  following  paragraphs  to  describe 
these  three  types  of  stall  in  detail,  but  it  must  constantly  be  born 
in  mind  that  in  general  no  type  can  uniquely  be  assigned  to  a  particular 
profile  since  a  change  in  flow  conditions  (a  change  in  free  stream 
turbulence,  free  stream  velocity,  the  application  of  a  high  lift  device, 
etc.)  may  easily  change  the  stall  characteristics.  It  can  be  stated  with 
some  conviction  that,  excepting  very  thick  and  very  thin  profiles  that 
form  the  limiting  cases,  both  turbulent  and  laminar  boundary  layer 
separation  are  present  at  the  stall,  and  stall  characteristics  depend 
upon  which  type  becomes  dominant.  No  analytical  method  for  rigorously 
determining  stall  type  under  a  given  set  of  circumstances  has  yet  been 
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satisfactorily  developed  and  the  designer  must  make  recourse  to  exper inveiual 
data  obtained  under  conditions  as  closely  simulating  the  design  conditions 
as  possible, 

3.1b  Trai I inq-Edqe  Stal I 

Trai I ing-edge  stall  is  most  commonly  associated  with 
relatively  thick  profiles,  i.e.,  those  with  thickness  ratios  ranging 
upwards  from  15^.  Since  the  vast  majority  of  aircraft  experience  up  to 
the  end  of  World  War  II  hSd  been  obtained  with  aircraft  employing  such 
thick  wing  sections,  it  is  not  surprising  that  this  stall  phenomenon  is 
better  known  than  the  other  two  types.  Fig.  3  presents  a  series  of  two- 
dimensional  smoke  tunnel  photographs  of  the  development  of  the  stall  on 
a  NACA  23015  profile  which  clearly  show  the  basic  phenomena  involved. 

■  It  must  be  pointed  out  that  since  these  photographs  were  obtained  at  a 
Reynolds  Number  of  only  3.4  x  10  they  cannot  be  expected  to  agree  in 
detail  with  wind  tunnel  data  taken  at  higher  speeds.  However,  it  has 
been  found  that  the  smoke  tunnel  in  which  these  photos  were  taken 
(Fig.  15)  normally  yields,  apparently  due  to  a  stabilizing  influence  of 
tunnel  sidewall  boundary  layer  growth,  profile  stall  patterns 
characteristic  of  much  higher  tunnel  speeds.  Fig.  3  is  felt  therefore 
to  yield  not  only  a  clear  demonstration  of  trai I ing-edge  stall,  but 
also  a  reasonably  good  qualitative  picture  of  the  higher  speed  stall 
characteristics  of  this  particular  airfoil. 

Fig.  3a  shows  the  profile  at  zero  angle  of  attack.  Although  there 
is  no  streamline  directly  on  the  upper  surface  of  the  profile,  as  can  be 
seen  there  is  one  only  slightly  above,  and  from  it  the  behavior  of  the 
surface  flow  can  be  deduced.  It  can  be  seen  that  th i s.  streami i ne  remains 
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laminar  fo  the  Mi  chord  point  at  wliich  point  T/ansition  occurs.  Due  to  the 
turbulent  growth,  smoke  from  this  streamline  attaches  to  the  upper  surface 
at  the  74^  chord  point  and  becomes  a  part  of  the  profile  boundary  layer  and 
wake. 

Fig.  3b  shows  the  profile  at  an  angle  of  attack  of  4*^.  Here  it  can  be 
seen  that  the  transition  point  has  moved  forward  to  the  31^  chord  point 
(it  is  probable  that  transition  on  the  profile  surface  is  earlier)  and  that 
the  turbulent  flow  attachment  point  has  moved  forward  to  approximately 
the  51%  chord  point.  It  will  be  noted  from  the  picture  that  the  wake  at 
the  traiiing  edge  is  becoming  very  thick  and,  although  it  is  not  clear, 
it  is  possible  that  separation  is  occurring  over  about  lO/f  of  the  trailing 
edge. 

In  Fig,  3c  the  angle  of  attack  has  increased  to  8°  and  although  the 
surface  flow  is  not  clearly  indicated,  the  growth  of  the  separated  region 
at  the  traiiing  edge  is  evident.  Fig.  3d  showing  the  profile  at  an  angle 
of  attack  of  12°  is  possibly  more  revealing  since  the  upper  surface  flow 
is  more  clearly  defined,  it  can  be  seen  that  the  transition  point  of  the 
streamline  above  the  surface  has  moved  to  about  the  10^  chord  point  and 
that  turbulent  attachment  occurs  very  rapidly  downstream  of  this  point. 

The  growth  of  the  turbulent  boundary  layer  is  clearly  indicated  up  to 
about  the  50^  chord  point  where  the  smoke  has  diffused  too  completely  to 
be  seen.  From  the  outer  streamline  pattern  it  can  be  estimated  that 
separation  is  occurring  at  about  70J(  chord  point. 

Fig.  3e  shows  conditions  just  past  the  point  of  maximum  lift 
(determined  in  these  tests  by  the  streamline  displacement).  The  profile 
is  at  an  angle  of  attack  of  16°  and  as  can  be  seen  transition  is  very 
near  the  leading  edge,  (The  seeming  laminar  separation  ahead  of  the 
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transition  point  is  produced  by  The  photographic  angle  -  the  streamline 
was  actually  never  attached  to  The  surface).  As  indicated,  the  growth  of 
the  turbulent  boundary  layer  is  very  rapid  and  separation  occurs  at 
approximately  50)^  chord  point.  In  Fig.  of  the  angle  of  attack  of  the 
profile  has  been  increased  to  20°  and  the  upper  surface  aft  of  the  3  to 
chord  point  is  completely  separated. 

The  force  and  moment  characteristics  of  a  prof i le 'subjected  to 
trailing  edge  stall  demonstrate  smooth  and  continuous  variations  from  zero 
lift  to  a  point  well  beyond  the  stall.  The  aerodynamic  characteristics  of 
the  NACA  633-OI8  are  shown  in  Fig.  4.  The  break  in  the  pitching  moment 
curve  shown  for  this  profile  is  very  unusual.  Almost  invariably  trai ling- 
edge  stalling  profiles  reveal  a  smooth  pitching  moment  stall. 

Careful  smoke  and  tuft  tests  conducted  on  a  similar  thick  profile 

t 

(15^  ”)  indicated  that  separation  began  at  the  trailing  edge  at  an  angle 
of  attack  corresponding  to  that  at  which  the  slope  of  the  lift  curve 
began  to  fall  off  (8°  in  this  case),  and  moved  forward  steadily  until  at 
maximum  lift  the  entire  rear  half  of  the  profile  was  in  a  region  of  separated 
flow.  Beyond  the  point  of  maximum  lift,  the  separation  point  continued  to 
move  forward  at  a  rate  roughly  equal  to  that  prior  to  the  stall  for  two  or 
three  degrees  at  which  time  its  motion  accelerated  rapidly  and  separation 
occurred  at  the  leading  edge.  On  thicker  profiles  it  is  not  uncommon  for 
the  rate  of  separation  point  movement  to  remain  constant  after  the  stall 
until  the  upper  surface  is  completely  separated. 

The  pressure  distributions  shown  in  Fig.  5  give  a  considerable  clue  as 
to  the  flow  mechanisms  effecting  the  flow  over  such  a  profile.  An  increase 
in  the  peak  pressures  continues  for  several  degrees  after  the  stall.  The 
pressure  recovery  over  the  after  portion  of  the  profile  is  continuous  to 
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an  angle  of  between  6^  and  12°  after  which  there  is  a  distinct  flattening 
of  the  pressure  distribution  curve  indicating  the  relatively  constant 
pressure  of  a  separation  region.  It  will  be  noted  that  this  flat  portion 
of  the  curve  extends  forward  with  increasing  angle  of  attack,  actually 
covering  about  one  half  of  the  profile  at  the  stall. 

A  pressure  survey  of  the  15^  thick  airfoil  confirmed  the  smoke  and 
tuft  investigations  that  t.-ai  I  ing-edge  separation  initiated  at  8°. 

Further  confirmation  was  found  through  the  use  of  a  boundary  layer  survey 
which  indicated  that  a  value  of  2.6  of  the  boundary  layer  shape  parameter 


displacement  thickness 
H  =  - 


* 


momentum  thickness  ^ 

was  achieved  at  the  trailing  edge  at  an  angle  of  8°.  Refs.  II  and  12 
have  shown  that  this  value  is  indicative  that  turbulent  boundary  layer  - 
separation  has  occurred. 

One  of  the  interesting  bits  of  information  that  can  be  gleaned  from 
pressure  distribution  studies  results  from  plotting  the  readings  of 
individual  pressure  taps  against 'the  angle  of  attack.  In  many  cases,  the 
curves  of  the  pressure  variation  in  the  region  of  the  nose  display  a 
slight  discontinuity.  This  is  caused  by  a  slight  "bubble"  of  separation 
containing  a  relatively  constant  pressure.  Given  a  sufficient  number  of 
curves,  a  rough  approximation  of  the  magnitude  and  location  of  the 
bubble  can  often  be  made.  The  appearance  of  this  bubble  is,  of  course, 
a  function  of  the  Reynolds  Number,  the  initial  turbulence  of  the  flow, 
the  thickness,  and  the  radius  of  nose  curvature,  but  an  examination  of 
existing  data  indicates  that  ft  exists  at  higher  Reynolds  Numbers  and 
thickness  ratios  than  was  previously  real  ized.. 
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Since  This  "bubble"  of  separation  has  relatively  significant  effecfs 
even  upon  thick  profiles  that  exhibit  predominantly  trailing  edge 
separation  and  forms  the  major  contribution  to  the  phenomena  of  leading- 
edge  and  thin  airfoil  stalls,  some  discussion  of  its  nature  is  required. 

Unfortunately,  far  too  little  is  known  of  this  flow  phenomenon 
and  its  mechanism  remains  obscure.  It  is  known  that  the  laminar  boundary 
layer  cannot  ordinarily  exist  for  long  In  a  region  of  adverse  pressure 
gradient,  and  if  sufficient  disturbances  are  lacking  to  cause  premature 
transition  to  the  turbulent  regime,  the  extent  of  the  laminar  region  will 
be  limited  by  separation.  Although  this  phenomenon  is  generally  referred 
to  as  laminar  separation,  the  term  laminar  applies  to  the  condition  of  the 
boundary  layer  at  the  point  of  separation  and  not  necessarily  to  the  flow 
within  or  bounding  the  separated  area.  As  can  be  seen  from  the  high 
speed  photographs  shown  in  Fig-.  6,  the  flow  leaves  the  surface  in  the 
laminar  state,  continues  in  this  manner  for  some  distance,  undergoes 
transition  and  finally  reattaches  to  the  surface  in  a  turbulent  state.  A 
result  of  this  turbulent  reattachment  is  that  the  turbulent  boundary  layer 
at  a  given  point  downstream  of  the  reattachment  point  is  thicker  than 
would  be  the  case  without  the  separation.  Thus  even  the  turbulent  boundary 
layer's  tendency  to  separate  is  increased. 

it  is  extremely  difficult  to  examine  the  flow  within  small  separation 
"bubbles"  of  this  nature,  but  smoke  flow  studies  give  an  indication  of  a 
forward  transport  of  mass  along  the  profile  surface  between  the  separation 
point  and  the  point  of  turbulent  reattachment.  This  is  a  circulatory 
flow,  but  seems  different  from  a  vortex  formation  in  that  the  velocities 
do  not  increase  toward  the  core.  Rather,  the  turbulent  air  within  the 
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bubble  demonstrates  characteristics  more  commonly  associated  wirii  a  solid 
core  type  of  motion  although  the  separated  region  is  generally  oblong 
rather  than  circular. 

Von  Doenhotf  (Ref.  13)  has  speculated  that  there  is  a  simple 
relationship  between  the  length  of  the  separated  laminar  flow  prior  fo 
transition  and  the  Reynolds  Number  based  on  the  local  velocity  outside  of 
the  boundary  layer  at  separation  and  the  distance  between  the  points  of 
separation  and  the  beginning  of  transition.  According  to  this  hypothesis, 
assuming  a  constant  value  of  this  Reynolds  Number,  any  increase  in  local 
velocity,  whether  due  to  increased  angle  of  attack  or  increased  free- 
stream  velocity,  would  produce  a  decrease  in  the  distance  from  separation 
to  transition,  and  hence  the  extent  of  the  bubble.  Smoke  tunnel  studies 
and  the  boundary  layer  investigations  of  Refs.  14  and  15  have  shown  that 
this  is  an  over-simplification  and  that  the  suggested  Reynolds  Number  of 
50,000  can  vary  between  30,000  to  60,000  for  different  angles  of  attack 
of  the  same  profile,  but  for  thjn  .prof J les  at  the  higher  angles  it  seems 
like  a  useful  hypothesis. 

The  theoretical  studies  made  to  date  of  these  boundary  layer 
phenomena  are  not  of  much  use  to  the  designer  in  predicting  maximum  lift 
of  such  profiles,  or  even  in  predicting  the  type  of  flow  that  will  exist 
at  stall.  Potential  flow  theories  allow  the  calculation  of  pressure 
distribution  provided  the  effects  of  the  boundary  layer  flow  are  small. 
Viscous  theories  permit  the  calculation  of  some  forms  of  boundary  layer 
flow  provided  that  the  pressure  distribution  is  known.  Thus  a  combination 
of  these  theories  and  empirical  boundary  layer  data  can  be  used  to  predict 
the  point  of  laminar  separation,  transition  and  turbulent  separation  at 
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low  and  moderate  angles  of  attack,  but  as  Abbott  and  von  Ooc-nhoii  (Ref,  8) 
have  indicated,  none  of  the  wing  characteristics  can  bo  calcukifod  with 
confidence  if  the  flow  is  separated  over  an  appreciable  pact  of  the  surface. 

General  boundary  layer  studies  so  for  conducted  shed  much  light  on 
the  mechanism  of  the  flow  phenomena  encountered.  These  studies  hove  shown 
that  transition  takes  place  at  a  value  of  Reynolds  Number  That  is  dependent 
upon  the  magnitude  of  the  disturbances  to  the  boundary  layer.  There  is  a 
Reynolds  Number  (approximately  2,300  for  pipe  flow,  for  example)  below 
which  ail  disturbances  are  damped  out  by  the  effects  of  viscosity.  As  the 
Reynolds  Number  is  increased  beyond  this  value  some  types  of  disturbances 
are  amplified  and  will  eventually  cause  transitions.  Further  increase  of 
the  Reynolds  Number  causes  amplification  to  occur  for  a  greater  variety  of 
disturbances  and  increase  the  rate  of  amplification.  Under  these 
circumstances  transition  can  be  delayed  to  high  values  of  Reynolds  Number 
only  by  reducing  all  disturbances  such  as  stream  turbulence,  unsteadiness, 
surface  waviness  and  roughness  to  a  minimum,  br  by  the  application  of 
power  in  the  form  of  suction  arranged  to  control  the  growth  of  the  boundary 
I ayer. 

The  mechansim  of • transit  ion  is  still  very  imperfectly  understood,  but 
smoke  flow  studies  such  as  those  shown  in  Fig.  7  have  added  considerably 
to  the  qualitative  understanding  of  the  phenomena.  As  can  be  seen,  the 
laminar  boundary  layer  defined  by  the  smoke  stream  begins  to  develop  a 
wave- 1  ike  motion  of  increasing  amplitude  as  it  moves  downstream.  Actual 
transition  occurs  when  the  boundary  layer  flow  rolls  up  into  discrete 
vortices  that  proceed  for  a  short  distance  downstream  before  dissolving 
into  a  field  of, fairly  uniform  turbulence.  It  is  probable  that  the 
disturbances  within  the  laminar  layer  that  produce  the  wave  motion  are 
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vortex- 1  ike  "fi  nature  Du!  •!  is  ‘-ot  uaril  ’(u>  uiscroic  voi  iices  are  forinecj 
that  there  is  a  significant  change  m  OouncJary  iayor  depiti  and  \elocity 
profile.  These  studies  show  ihai  this  point  is  not  fixed,  and  moves  hack 
and  forth  over  a  limited  area,  ihus  account  ng  for  the  so-called  "transition 
reg ion" . 

Applying  this  information  to  the  case  of  the  thick  prof>le  near  stall, 
one  arrives  at  the  conclusion  That  rhe  laminar  separation  will  occur  if 
flow  conditions  are  such  that  transition  does  not  occur  before  the 
separation  point  The  likelihood  of  this  being  the  case  decreases  with 
increasing  Reynolds  Number,  but  it  must  be  pointed  out  that  with  low 
atmospheric  turbulence  and  a  smooth  section  laminar  separation  has  been 
detected  on  an  18^  thick  section  at  a  Reynolds  Number  of  5.8  x  10^  (Ref. 

10)  and  it  is  probable  that  it  is  a  lot  more  common  than  was  once  supposed, 
particularly  when  some  form  of  circulation  or  tra i I i ng-edge  boundary  layer 
control  is  appi led. 

3.1c  Leading-Edge  Stall 

Leading-edge  stall  is  a  type  of  flow  that  was  of  little 
interest  until  after  World  War  II.  when  in  order  to  avoid  compressibility 
difficulties  aircraft  began  using  thinner  and  thinner  wing  sections  as  well 
as  heavy  sweep.  Although,  as  previously  pointed  out,  it  is  impossible  to 
assign  a  given  type  of  stall  to  a  specific  airfoil,  one  can  generalize  to 
the  extent  of  saying,  that  under  normal  flight  conditions  this  type  of 
stall  is  typical  of  sections  of  moderate  thickness,  i.e.  those  ranging 
from  9^  to  15^  thick. 

A  fairly  high  Reynolds  Number  example  of  leading  edge  stall  is 
furnished  by  the  characteristics  of  an  NACA  63 i -01 2  profile  taken  from 
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Ref.  10.  As  C3!^  ne  soei'.  sro"'.  F  uj.  S  ;ne  torce  diid  frement  character  i  ones 
of  this  profile  deironst rate  abrupt  discontinuities  when  the  anqle  of 
attack  for  maximum  lift  -s  exceodocJ.  Ttie  lift  curve  shows  little  or  no 
curvature  near  maximum  lift  and  the  break  in  the  curve  at  stall  is  sharp. 
Actually  the  bufiotinq  after  the  stall  was  so  severe  that  the  tunnel 
dynamic  pressure  hod  to  be  reduced  to  obtain  sale-  operation. 

A  study  of  the  pressure  distr ibjt ions  of  this  profile  (not  included 
here  but  shown  in  detail  in  Ref.  iO)  indicated  a  continual  increase  in  the 
peak  negative  pressures  at  the  profile  nose  up  to  the  stall  at  which 
"point  they  suddenly  collapsed,  and  the  static  pressure  along  the  chord 
became  more  or  less  constant  as  m  a  separated  region. 

Tuft  and  liquid  film  studies  of  this  profile  indicated  that  with  the 
exception  of  a  very  small  bubble  at  the  leading-edge  which  formed  at  a 
low  angle  and  persisted  up  to  the  stall,  the  flow  was  steady  over  the 
upper  surface  until  the  stall,  at  which  point  separation  apparently  occurred 
simultaneously  over  the  entire  profile.  Under  certain  conditions  (profile 
configuration,  Reynolds  Number,  etc)  such  profiles  remain  completely 
separated  after  the  stall  while  in  other  instances  a  turbulent  reattachment 
takes  place  aft  of  the  leading  edge  and  the  stalled  profile  demonstrates 
the  character i st i cs  of  having  a  large  circulatory  flow  over  its  leading 
edge.  The  center  of  this  region  of  circulatory  flow  moves  rearwards  with 
increasing  angle  of  attack,  finally  resulting  in  complete  separation. 

This  turbulent  reattachment  has  the  effect  of  producing  a  second  lift 
curve  peak  after  the  primary  stall.  This  peak  never  achieves  the  same 
lift  values  of  the  primary  stall,  but  the  fall-off  of  lift  is  more  gradual 
after  its  formation  than  after  the  sudden  leading-edge  separation  at  the 
maximum  lift  point.  In  this  characteristic,  as  wi I  I  be  seen  later,  the 
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flow  closely  resembles  the  Thin  airfoil  sral I  discussed  in  The  next  section. 

Although  The  exact  mechanism  of  leading-edge  stall  remains  obscure, 
it  is  apparent  that  it  results  from  a  flow  condition  at  the  leading  edge 
that,  like  trai I  ing-edge  separation,  is  initiated  long  before  maximum  lift 
is  achieved.  Since  measurements  have  shown  this  leading-edge  separation 
to  be  located  downsTream  of  The  pressure  peak,  it  would  seem,  as  von  Doenhoff 
has  summarized,  That  the  laminar  boundary  layer  passes  around  the  leading 
edge,  through  the  pressure  peak  and  separates,  the  flow  continuing  away 
from  the  surface  along  a  path  approximately  tangent  to  the  surface  at  the 
point  of  separation.  Transition  occurs  and  the  expansion  of  the  turbulent 
motion  spreads  at  such  an  angle  relative  to  the  path  of  tangency  of  the 
separated  laminar  flow  that  the  flow  quickly  reattaches  to  the  surface  as 
a  turbulent  boundary  layer. 

An  increase  in  the  angle  of  attack  will  move  the  point  of  minimum 
pressure  nearer  the  leading  edge  causing  the  laminar  separation  within  the 
adverse  pressure  gradient  to  occur  sooner.  Simultaneously,  transition  is 
accomplished  earlier  due  to  the  instabilities  caused  by  the  increased 
adverse  pressure  gradient.  Ordinarily  this  effect  would  causea  more  rapid 
turbulent  attachment,  but  since  these  flow  phenomena  are  occurring  in  a 
region  of  increasing  airfoil  surface  curvature,  a  certain  equilibrium  is 
achieved,  the  earlier  transition  compensating  for  increasing  separation 
angle.  This  process  continues  until  the  angle  of  attack  has  been  increased 
to  such  an  extent  that  the  separation  point  has  moved  to  a  region  of  profile 
curvature  of  sucb  magnitude  that  the  transition  point  is  so  located  that 
the  growth  of  turbulence  can  no  longer  achieve  reattachment- -thus  limiting 
the  maximum  lift. 
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As  a  tuiiction  o<  pioi i le  shape  and  local  Reynolds  Number,  ii  is  quite 
possible  that  the  equilibrium  discussed  above  may  be  lost  and  yet  not 
yield  immediate  complete  flov,'  breakaway.  Many  profiles  exhibit  this 
equilibrium  at  low  angles  of  attack,  but  there  is  found  an  angle  where 
this  previously  small,  constant  size  bubble  proceeds  to  grow.  As  the  angle 
of  attack  is  permitted  to  increase  further,  the  bubble  increases  in  extent 
toward  the  trai I ing-edge  until  a  stall  occurs  that  is  a  modification  of 
the  abrupt  leading  edge  stall  of  the  type  defined  by  McCullough  and  Gault 
and  tends  to  resemble  the  thin  airfoil  stall  which  is  characterized  by 
the  formation  of  a  large  leading-edge  separation  even  at  a  low  angle  of 
attack.  An  example  of  such  a  separation-stall  pattern  is  shown  in  the 
smoke  flow  photographs  of  Fig.  9. 

Fig.  9a  shows  the  profile  at  a  zero  angle  of  attack  and  clear iy  shows 
the  long  laminar  run  of  the  flow  on  the  upper  surface,  transition,  indicated 
by  the  thickening  of  the  upper  streamline,  not  occurring  until  the  flow 
very  nearly  reaches  the  80$  chord  point.  When  the  angle  is  increased  to 
4°  as  in  Fig.  9b,  it  can  be  seen  that,  although  transition  has  moved  forward, 
the  flow  appears  smoothly  attached  to  the  entire  surface  (probably  a  leading- 
edge  type  small  bubble  exists  here,  but  the  smoke  flow  does  not  reveal  it). 
When  angle  of  attack  is  allowed  to  increase  to  8°,  a  leading  edge  separation 
of  the  type  shown  in  Fig.  9c  occurs.  Examination  of  the  outer  streamline 
pattern  indicates  that  no  tra i I i ng-edge  separation  is  present.  Fig.  9d  shows 
the  profile  at  a  point  just  past  its  maximum  lift.  It  will  be  seen  that  the 
leading-edge  bubble  has  grown  as  predicted  and  that  a  very  slight  separation 
at  the  trailing  edge  can  be  detected.  Fig.  9e  illustrates  the  flow  that 
results  when  the  angle  of  attack  is  increased  well  beyond  the  stall,  the  flow 
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being  completely  separated  from  the  upper  surface. 

As  indicated  by  the  pressure  distributions  ot  Fig.  iO,  the  formation 
of  the  region  of  leading  edge  (rh in-airfoi I  type)  separation  reduces  the 
values  of  ihe  peak  negative  pressures  obtained  at  the  leading  edge  by  a 
considerable  amount,  replacing  them  by  the  region  of  relatively  constant 
pressure  typical  of  a  separation.  Fig.  II  shows  how  the  formation  o*  this 
separation  bubble  affects  the  force  and  moment  characteristics  of  the 
profile.  Although  all  the  characteristics  are  noticeably  affected,  the  lift 
curve  is  of  most  interest.  It  will  be  noticed  that,  when  the  thin-airfoil 
type  of  bubble  forms,  a  step  appears  in  this  curve  and  the  slope  lessens 
an  appreciable  amount.  It  will  be  noted  that  the  stall  is  gentle  and 
gradual,  reminiscent  in  shape  (but  not  in  C|  values)  of  the  stall  of  a 
thick  profile  with  a  large  leading-edge  radius. 

It  may  be  expected  that  reductions  in  free-stream  Reynolds  Number 
would  tend  to  increase  the  stability  of  the  laminar  boundary  layer, 
thereby  increasing  the  length  of  separated  laminar  flow  before  transition. 

It  would  thus  be  quite  possible  for  free-stream  Reynolds  Number  reductions 
to  cause  increased  magnitude  of  the  leading-edge  bubble  and  convert  stall 
type  of  a  given  profile  from  that  of  thin-airfoil.  For  this  reason,  and 
since  the  characteristics  of  the  leading-edge  stall  and  the  thin  airfoil 
type  of  stall  are  so  different,  profiles  subject  to  these  flow  mechanisms 
should  demonstrate  relatively  large  and  significant  Reynolds  Number 
effects.  This  is  confirmed  by  investigations  of  the  type  reported  in 
Refs.  81  and  84.  In  the  latter  Dike  has  suggested  the  formulation  of  a' 
similarity  parameter  which  would  relate  the  stall  performance  of  a  thick 
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profile  oi  a  low  Reynolds  Number  to  rhat  of  a  thinner  profile  at  a  higher. 
No  attempt  has  been  made  to  carry  this  concept  past  a  qualitative  statement 
and  it  is  dubious  that  any  rigorous  quantitative  procedure  can  readily  be 
developed. 

3  I  d  Th  in-Airfoi I  Sfal I 

As  has  been  indicated  in  the  previous  section,  thin-airfoil 
stall  is  generally  associated  with  very  thin  sharp-nosed  profiles.  It 
differs  from  leading-edge  stall  primarily  in  the  fact  that  separation 
region  appears  at  the  leading  edge  at  very  low  angles  of  attack  and  grows 
larger  with  increasing  angles,  maximum  lift  generally  being  achieved  when 
the  angle  is  such  that  the  point  of  flow  reattachment  is  located 
approximately  at  the  trailing  edge.  For  a  typical  leading-edge  stall  the 
separation  is  small  and  grows  only  very  slowly  up  to  the  stall  at  which 
point  separation  occurs  very  rapidly. 

A  diamond-shaped  profile  is  shown  in  Fig.  12  to  demonstrate  the  major 
characteristics  of  this  type  of  flow.  As  can  be  seen,  a  separation  appears 
at  the  leading-edge  almost  as  soon  as  the  angle  of  attack  is  changed. 

This  separation  represents  the  flow's  viscous  adjustment  to  boundary 
conditions.  Since  the  theoretically  infinite  velocity  (resulting  from 
the  infinitely  sharp  leading  edge)  is  impossible,  a  bubble  must  form  as 
soon  as  there  is  movement  of  the  forward  stagnation  point.  The  mechansim 
of  the  reattachment  and  of  the  flow  within  The  separated  region  is  only 
imperfectly  understood. 

One  of  the  reasons  for  the  difficulties  involved  in  understanding 
the  mechansim  of  the  separation  is  that  measurements  have  shown  the 
existence  of  a  vortex  within  the  separation  region,  both  by  the  presence 
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of  a  strong  reversed  flow  and  the  shape  of  rhe  static  pressure  profiles. 
This  vortex  presents  difficulties  since  experiments  conducted  within  the 
Subsonic  Aerodynamics  Laboratory  strongly  suggest  that  some  axial  velocity 
is  necessary  for  any  true  vortex  motion  to  exist.  Thus  it  is  probable 
that  the  vortex  observed  and  measured  in  two-dimensional  tunnels  is  in 
fact  a  three-dimensional  phenomenon  with  trailing  vortices  extending  down¬ 
stream  in  the  wail  boundary  layer.  The  interpretation  of  measurements 
thus  becomes  very  difficult. 

Boundary  layer  profiles  measured  at  the  point  of  reattachment  show 
neither  a  typical  laminar  nor  a  typical  turbulent  shape,  but  tufts 
indicate  a  very  rough  flow  just  downstream  of  the  reattachment  point  that 
gradually  becomes  smoother  as  the  trailing  edge  is  approached.  This  may 
again  be  an  indication  of  the  three-dimensionality  of  the  flow.  For 
moderate  angles  of  attack,  fully  developed  turbulent  boundary  layer  pro¬ 
files  have  been  measured  at  the  trailing  edge. 

When  the  reattachment  point  reaches  the  trailing  edge,  the  primary 
stall  is  obtained  and  the  lift  gradually  decreases  with  increases  of 
angle  of  attack,  until  a  flow  condition  is  reached  that  causes  the  lift 
again  to  increase  to  a  second  peak  value,  which  is  generally  higher 
than  the  first.  Since  the  second  rise  seems  to  fall  into  a  region  in 
which  vortex  streets  have  been  measured  in  the  wakes  of  flat  plates. 

Ref.  16,  it  would  appear  that  the  rise  was  simply  due  to  the  vertical 
component  of  the  resultant  force  acting  on  a  separated  flat  plate. 

The  force  and  moment  characteristics  of  the  double  wedge 
investigated  by  McCullough  and  Gault  are  shown  in  Fig.  13,  the  pressure 
distribution  in  Fig.  14.  It  will  be  seen  that  the  lift  curve  is  linear 


CONFIDENTIAL 


-29- 

CONFIDENTIAL 


and  thai  ihe  stall  characteristics  are  gentle.  The  pitching  momeni  curve 
shows  a  definite  tendency  to  cut  back  soon  after  separafion  initiates. 
This  tendency  appears  to  be  a  characteristic  of  profiles  stalling  in  ihis 
manner  and  can  also  be  seen  for  rhe  64A006  profile.  Fig.  II.  The 
pressure  distributions  exhibit  very  low  pressure  peaks  and  illustrate, 
by  the  increasing  extent  of  the  regions  of  constant  pressure  on  the 
upper  surface,  the  growth  of  the  separation  region  from  the  leading-edge. 

3. le  Empirical  Stall  Studies 

As  previously  indicated,  it  is  well  known  that  the  maximum 
lift  attainable  by  a  profile  is  a  function  of  Reynolds  Number,  thickness, 
thickness  distribution,  and  camber.  Further,  it  would  seem  intuitively 
obvious  that  any  effect  of  these  parameters  on  maximum  lift  may  be 
directly  attributed  to  their  relationship  with  the  manner  in  which 
separation  initiates  and  grows  and  the  type  of  stall  which  eventually 
limits  the  airfoil's  lifting  capacity.  The  question  thus  arises  as  to 
what  the  effect  of  these  parameters  is  upon  separation  and  stall  type 
and,  knowing  this,  what  insight  can  be  achieved  leading  toward  a  better 
understanding  of  maximum  lift  phenomena. 

The  only  means  currently  available  to  investigators  of  this  problem 
is  an  approach  based  upon  experimental  data  and  involving  for  the  most 
part  the  rather  unsophisticated  technique  of  trend-hunting.  Refs.  9,  10, 
22,  23,  and  24  present  experimental  lift  curves  for  a  large  number  of 
profiles  and  form  the  basis  for  the  following  study.  Only  airfoils  with 
relatively  smooth  surface  conditions  will  be  considered,  and  Mach  Number 
effects  have  been  assumed  to  be  negligible.  (Available  information 
indicates  that  this  assumption  should  be  quite  valid  both  for  the  data 


CONFIDENTIAL 


-30- 


CONFIDENT  I AL 

utilized  in  this  section  and  for  full  scale  aircraft  in  landing  or  lake- 
off  configuration). 

In  Figs,  16a  and  b,  plots  of  maximum  lift  vs.  Reynolds  Number  for 
various  thicknesses  and  thickness  distributions  are  given.  For  purposes 
of  clarity,  only  symmetrical  profiles  have  been  considered  here  except  in 
the  case  of  the  "230"  series.  General  trends  readily  observed  are. 

(1)  Increasing  Reynolds  Number  generally  yields  increased  maximum 
lift  coefficient,  the  thinner  profiles  being  less  susceptible 
to  this  effect  than  the  thicker  ones. 

(2)  Increasing  thickness  generally  yields  increased  maximum  lift 
coefficient  except  at  low  Reynolds  Numbers,  where  a  profile  of 
approximately  12^  thickness  often  appears  to  be  capable  of 
lift  coefficient  values  in  excess  of  those  attainable  even  with 
thicker  prof i les. 

(3)  Maximum  lift  coefficient  would  seem  to  be  less  for  profiles 
having  the  point  of  maximum  thickness  fairly  far  aft  on  the  chord 
I  ine. 

(4)  Increased  camber  increases  maximum  lift. 

(5)  At  extremely  low  Reynolds  Numbers,  there  would  appear  to  be  a 

tendency  for  the  maximum  lift  coefficient  of  all  profiles  to 

approach  a  relatively  constant  low  value  (Ci  =  .8). 

'max 

Perhaps  somewhat  more  revealing  are  the  crossplots  of  the  above 
curves  shown  in  Fig.  17.  The  "00"  series  of  profiles  has  not  been 
consi  Jered  here  because  of  insufficient  data  in  the  high  thickness  range 
and  because  its  curve  shape  characteristics  where  known  seem  very  similar 
to  those  of  the  63,  64,  and  65  series  shown.  In  its  place,  the  maximum 
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lifting  potential  of  a  series  of  profiles  characterized  by  a  sharp  nose 

(and  maximum  thickness  at  50^  chord)  has  been  presen  red.  The  double-wedge 

would  be  a  typical  example  of  this  type  of  airfoil.  It  is  of  some 

interest  that  there  is  every  indication  that  "sharp-nose"  proH  l_es  have 

maximum  lifting  characteristics  which  are  quite  independent  of  Reynolds 

Number.  "Sharp-nose"  points  plotted  in  Fig.  17  were  obtained  from 

references  I'o  and  78.  The  "round-nose  profiles",  at  all  Reynolds  Numbers, 

reveal  similar  curve  shapes.  As  thickness  is  increased,  maximum  lift  is 

increased  until  a  thickness  of  approximately  \2%  is  attained.  There  occurs 

here  a  rather  sharp  change  in  slope,  and  as  thickness  is  increased  further 

the  curve  becomes  closely  linear.  In  this  high  thickness  regime,  increased 

thickness  seems  either  to  increase  or  decrease  maximum  lifting  potential- 

depending  upon  Reynolds  Number  and  thickness  distribution.  The  "sharp- 

nose"  profiles,  in  range  of  available  data,  appear  to  reverse  the  general 

thickness  effect.  Here,  increased  thickness  yields  slightly  decreasing 

maximum  lift.  An  item  of  possible  significance  is  that  all  the  profiles 

considered  seem  to  show  a  tendency  toward  achieving  closely  the  same 

maximum  lift  coefficient  at  a  thickness  of  approximately  4^.  This  trend 

is  very  similar  to  that  mentioned  previously  as  an  effect  achieved 

through  taking  profiles  of  any  thickness  to  a  very  low  Reynolds  Number, 

and  this  lift  value  again  is  Ci  =  .8. 

max 

Knowing  now  the  qualitative  and  quantitative  effect  of  the  various 
parameters  on  maximum  lift,  it  would  be  expected  that,  if  the  variation 
of  stall  pattern  with  these  parameters  could  be  approximated,  considerable 
insight  into. a  physical  understanding  of  the  meaning  of  1he  curves  of 
Fig.  I7  could  be  gained.  To  accomplish  this,  the  shapes  of  the  buffet  and 
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stall  regions  of  the  lift  curves  of  numerous  symmetrical  profiles  were 
studied.  The  results  of  this  study  are  shown  in  Fig.  18  for  syiiwnetrical 
63,  64,  65,  and  00  series  airfoils.  The  three  types  of  stall  have  been 
divided  here  into  four  separation-stall  patterns: 

I 

(A)  Stall  due  to  trai I ing-edge  separation.  This  regime  is  also 
intended  to  include  that  borderline  case  where  separation  occurs 
both  at  the  leading-edge  and  trai I ing-edge,  the  limiting 
phenomena  being,  however,  the  trai I ing-edge  type  (relatively 
gentle  buffet  and  stall), 

(B)  Stall  due  to  leading-edge  type  separation.  Some  trai I ing-edge 
separation  also  possible  (relatively  sharp  fall-off  in  lift 

at  stal I ) . 

(C)  Stall  due  to  thin-airfoil  type  separation,  possible  leading- 
edge  type  separation  at  lower  angles  of  attack  (gentle  buffet 
and  stal I ) . 

(D)  Stall  due  to  thin-airfoil  type  separation.  Thin-airfoil  type 
separation  initiating  at  angles  of  attack  very  close  to  zero 
(gentle  buffet  and  stall). 

Types  A  and  D  may  be  so  identified,  even  though  their  stall  shapes 
are  similar,  through  consideration  of  general  maximum  lift  level  and  the 
separating  sharp  stall  region.  The  range  of  type  C  was  established 
through  the  aid  of  Ref,  10  and  It  would  seem  possible  to  establish  further 
this  region  by  a  study  of  maximum  lift  level. 

Fig.  18  reveals  the  range  of  thickness  and  Reynolds  Number,  for  the 
various  thickness  distributions,  through  which  the  separation-stall 
pattern  Is  of  each  of  the  types  above.  As  these  curves  have  been  defined 
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by  data  points  lying  between  lines,  their  accuracy  is  liinired  by  the  data 
points  available.  The  profiles  investigated  were  of  five  fh icknosses,  eacn 
at  from  three  to  seven  different  Reynolds  Number  (see  Figs.  16a  and  16b). 

It  may  be, noted  that  as  expected,  an  increase  in  Reynolds  Number  for  a 
profile  of  given  thickness  will  increase  its  tendency  away  from  the  th in¬ 
airfoil  stall  and  toward  trai I ing-edge  stall.  Increasing  R.N.  from  a 
very  small  value  to  a  high  value  will,  for  the  thick  profiles,  change  stall 
type  from  D  to  C  to  D  to  A.  Very  thin  profiles  would  seem  to  require 
a  very  high  Reynolds  Number  in  order  to  achieve  trai I ing-edge  stall,  if, 
indeed,  trai I ing-edge  stall  can  ever  (without  control)  be  achieved, 
increasing  thickness  has  the  same  effect  as  increasing  Reynolds  Number, 
stall  type  changing  from  D  to  C  to  B  to  A.  At  very  small  Reynolds  Numbers, 
trailing  edge  stall  can  only  be  achieved  for  very  thick  profiles  —  perhaps 
not  until  the  profile  approximates  a  circle,  where  definition  of  stall  type 
essentially  falls  down.  Moving  the  point  of  maximum  thickness  rearward 
appears  to  increase  the  R.N.  (const,  thickness)  or  thickness  (const.  .R.N.) 
at  which  the  separation-stall  pattern  moves  from  one  type  to  the  next. 

It  should  be  understood  that  smooth  transition  between  stall-type  regions 
and  smooth  variation  in  degree  within  each  region  can  be  expected.  For 
example,  a  profile  showing  trai I ing-edge  stall  characteristics  is,  near 
the  leading-edge  stall-type  region  (B),  considerably  affected  by  leading- 
edge  type  separation.  Increasing  R.N.  or  thickness,  thus  moving  the 
profile  characteristics  further  from  region  B,  will  decrease  any  effects 
of  leading-edge  phenomena  until  reasonably  pure  trai I i ng-edge  separation  Is 
present.  Likewise,  in  region  C,  as  a  profile's  characteristics  move  from 
D  toward  B,  the  transition  from  leading-edge  type  separation  to  thin 
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airfoil  type  separation  will  occur  at  a  higher  and  higher  angle  oi  attack 
until  region  B  is  entered  and  actual  stall  occurs  as  the  result  of  leading- 
edge  type  separation. 

Considering  Fig.  17  together  with  Fig.  18,  it  now  scents  possible  to 

correlate  the  shape  of  the  maximum  lift  vs.  thickness  curve  (Fig.  17)  with 

the  changing  pattern  (with  thickness)  of  stall  type.  It  appears  that  the 

curve  can  be  broken  down  into  five  portions  of  characteristic  shape.  These 

five  portions  may  be  found  from  use  of  Fig.  18  to  correspond  to  the  four 

separation-stall  types  plus  a  fifth  which  is  indicative  of  trai I ing-edge 

stall  essentially  unhampered  by  leading-edge  effects. 

Pure  thin  airfoil  stall  seems  to  create  a  relatively  constant 

maximum  lift  coefficient,  Ci  =  .8,  in  a  thickness  range  of  approximately 

‘max 

4/(  to  6^,  and  is  defined  by  region  D,  Fig.  17.  For  a  profile  thickness 

of  about  4^,  at  these  Reynolds  Numbers,  the  "round-nose"  profiles  appear  to 

acquire  characteristics  very  closely  the  same  as  those  of  "sharp-nose" 

sections.  Note  how  an  extrapolation  of  the  "round-nose"  curves  from  a 

thickness  of  6$  to  that  of  4/S  must  closely  approximate  the  maximum  lift 

obtained  here  by  the  "sharp-nose"  profile.  The  fall -off  in  maximum  lift 

with  increased  thickness  for  the  "sharp-nose"  airfoils,  which  apparently 

stall  in  a  pure  thin-airfoil  manner  for  any  practical  thickness  and  Reynold' 

Number,  is  probably  explained  by  the  increased  boundary  layer  thickness  over 

the  aft  portion  of  the  profile  at  all  angles  of  attack  due  to  the  effect  of 

increased  thickness  increasing  the  trai  I  ing-edge  angle.  In  that,  in  the  .low 

thickness  range,  both  "round-nose"  and  "sharp-nose"  profiles  stall  by  the 

same  phenomena,  it  might  be  expected  that  region  "D"  would  show  some 

increase  in  Ci  as  thickness  is  decreased  below  that  of  4-6^  and  that  the 
max 
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curves  for  both  profile  types  would  closely  coincide,  (This  equalizing 
effect  of  the  pure  thin-airfoil  stall  serves  to  explain  the  phenomena 
mentioned  previously  regarding  all  profiles  at  low  Reynolds  Number).  If  would 
further  seem  logical  that  for  Reynolds  Numbers  higher  than  those  shown  this 
coincidence  would  occur  at  a  lower  thickness  and  slightly  higher  maximum 
lift  level.  (Assuming  the  "sharp-nose"  curve  is  relatively  independent  of 
Reynolds  Number,  and  the  effect  of  increased  Reynolds  Number  is  1o  raise 
the  "round-nose"  curves  -  at  a  R.N,  of  twenty  million,  maximum  lift 
coefficient  for  6)?  profiles  seems  to  be  around  ,95). 

Portion  C  of  the  maximum  lift  vs.  thickness  curve  would  appear  to  be 
indicative  of  a  stall  occurring  as  the  thin-airfoil  type,  but  with 
separation  of  the  leading-edge  type  occurring  in  the  low  angle-of-attack 
region.  Increasing  maximum  lift  with  thickness  (at  Reynolds  Number)  is 
without  doubt  due  to  the  effect  of  increased  thickness  delaying  to  higher 
angles  of  attack  the  transition  from  leading-edge  separation  type  to  thin- 
airfoil  separation  type.  This  portion  of  the  curve  is  characterized  by  a 
slope  increasing  with  thickness.  Increases  in  Reynolds  Number  would 
appear  to  raise  maximum  lift  in  this  range,  while  moving  the  point  of 
maximum  thickness  aft  will  lower  maximum  lift. 

Portion  B  of  the  maximum  lift  vs.  thickness  curve  can  be  found  to 
define  that  region  where  stall  is  due  to  leading-edge  type  separation 
(although  a  secondary  stall  of  the  thin-airfoil  type  may  well  occur  in  the 
lower  portions  of  B) .  This  part  of  the  curve  is  characterized  by  lift  at 
stall  increasing  with  thickness,  but  with  slope  now  decreasing.  The  l.ift 
increase  is  apparently  due  to  the  increased  leading-edge  radius  created 
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by  increased  thickness,  thus  allowing  the  profile  to  go  to  higher  angles 
of  attack  prior  to  flow  breakaway.  The  decreased  slope  could  well  be 
due  to  partial  trai I ing-edge  separation  occurring  prior  to  final  leading- 
edge  stall  —  for,  in  this  range  of  lift  coefficient,  trai  I ing-edge 
separation  can  well  be  present.  Increases  in  Reynolds  Number  and  changes 
in  chordwise  location  of  maximum  thickness  have  the  same  effect  on 
maximum  lift  in  this  region  as  in  portion  C. 

Trai i ing-edge  stall  appears  to  initiate  in  region  A,  which  may  be 
defined  as  the  curved  region  immediately  aft  of  the  point  of  maximum 
curvature.  There  would  appear  to  be  considerable  effect  from  leading- 
edge  separation  present  here  and  stall,  though  distinctly  not  of  the 
leading-edge  type,  is  somewhat  sharper  than  the  usual  trai I ing-edge  stall. 
The  greater  the  Reynolds  Number,  the  lower  the  lift  level  of  this  portion 
of  the  curve  and  the  sooner  this  portion  occurs  along  the  thickness  scale. 

Portion  Z,  a  relatively  linear  segment  of  the  curve  in  the  high 

thickness  regime,  is  thought  to  define  existence  of  quite  pure  trai I ing- 

edge  stall,  the  leading-edge  now  having  little  or  no  effect  on  Ci  (very 

max 

little,  if  any,  leading-edge  separation  being  present  at  angles  of  attack 
prior  to  trai I ing-edge  stall).  This  segment  of  the  curve  will  yield 
decreased  lift  with  increased  thickness  at  low  Reynolds  Numbers.  However, 
as  Reynolds  Number  is  increased  the  slope  of  this  portion  decreases  and 
finally  increased  lift  is  achieved  with  increased  thickness.  This  change  in 
slope  with  Reynolds  Number  would  appear  to  be  less  rapid  for  profiles  of 
further  aft  point  of  maximum  thickness. 

It  has  thus  been  shown  that  a  study  of  separation-stall  phenomena 
offers  a  logical  means  of  understanding  the  relationship  between  a 
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symmetrical  profile's  thickness,  thickness  Jistribution,  and  Reynolds 
Number  and  the  maximum  lift  attainable  with  that  profile.  This  is 
particularly  true  in  the  case  of  nose-stalling  profiles.  Variations  in 
Reynolds  Number  and  nose  radius  and  shape  (thickness  and  thickness  distri¬ 
bution)  may  quite  logically  be  correlated  with  variations  in  maximum  lift 
potentiality  through  consideration  of  the  effects  of  these  parameters  on 
the  type  of  nose  separation,  the  change  in  magnitude  and  type  of  separation 
with  angle  of  attack,  and  the  kind  of  stall  ultimately  created  by  this 
nose  separation  -  abrupt  or  gradual.  Although  the  phenomena  of  trai ling- 
edge  separation  and  stall  have  long  been  recognized,  the  effect  of  profile 
shape  and  Reynolds  Number  on  the  maximum  lift  of  profiles  with  this 
characteristic  is  not  so  readily  subject  to  physical  understanding  and 
i nterpretat ion. 

The  curves  presented  in  Figs.,  17  and  18  serve  to  explain  physically 
the  variation  in  profile  maximum  lift  through  relating  separation-stall 
pattern  to  the  parameters  of  thickness,  thickness  distribution  and 
Reynolds  Number,  and,  of  course,  may  also  be  used  to  predict  maximum  lift 
for  the  series  shown.  However  these  parameters  are  obviously  not  sufficiently 
definitive  to  allow  prediction  of  maximum  lift  for  any  prof i le.  Considering 
any  given  smooth,  symmetrical  airfoil  of  known  separation-  stall  characteristics, 
it  would  seem  reasonable  that  Reynolds  Number  and  one  or  more  geometric 
parameters  should  completely  define  maximum  lift  coefficient. 

The  first  problem  encountered  in  any  approach  of  this  nature  is  that 
of  finding  parameters  which  suitably  define  separation-stall  type.  In  the 
case  of  nose  stall  (lines  D-C  and  C-B  of  Fig.  18),  the  simple  parameter  of 
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leading-edge  radius  would  appear  to  be  somewhat  better  than  That  of  profile 
thickness.  Particularly,  line  0-C,  when  plotted  against  leading-edge  radius 
rather  than  thickness,  yields  closely  a  single  line  independent  of  ihickness 
distribution  and  even  independent  of  small  values  of  camber.  As  thickness 
(radius)  is  increased  at  Reynolds  Number,  leading-edge  radius  loses  its 
significance,  no  longer  being  superior  to  thickness  as  parameter.  If  is 
unfortunate  that  these  curves,  because  of  insufficient  data,  could  not  be 
drawn  sufficiently  accurate  as  to  permit  more  extensive  empirical  parameter 
study.  It  might  be  mentioned  that  Reynolds  Number  based  upon  fhe  leading-  .. 
edge  radius  could  well  have  merit  as  a  term  of  physical  significance  in  the 
nose  stalling  configuration.  However,  development  of  any  best  parameter  or 
parameters  to  hold  for  all  degrees  and  variations  of  nose  stall  would  seem 
very  difficult  until  more  is  learfTed  regarding  the  action  of  the  boundary 
layer  in  adverse  pressure  gradients  and  regions  of  sharp  curvature.  The 
situation  appears  even  more  nebulous  for  trai I ing-edge  stalling  airfoils. 
Certainly  the  quite  different  separation  pattern  alters  the  emphasis  on  the 
geometric  parameters  useful  for  nose-stalling  profiles  while  adding  new 
terms  such  as  trailing-  edge  angle,  etc. 

Were  it  possible  to  uncover  parameters  uniquely  suited  for  prediction 
of  separation-stall  characteristics,  the  next  step  would  be  to  apply  these 
to  the  prediction  of  maximum  lift  coefficient.  It  is  found  here  that 
leading-edge  radius  is  no  longer  even  closely  definitive  in  the  nose¬ 
stalling  regime,  yielding  as  wide  a  variation  between  the  different 
thickness-distribution  series  as  the  parameter  of  profile  thickness.  Use 
of  other  simple  parameters  indicative  of  leading-edge  angle  proved  no  more 
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successful.  One  cause  of  this  is  that,  when  lift  level  is  being  considered, 
lift  curve  slope  as  effected  by  trai I ing-edge  angle  comes  into  importance 
even  in  the  thin  profile  configuration.  This  effect  is  very  noticeable  in 
the  case  of  the  "sharp-nose"  profiles.  Here  again,  the  trai I ing-edge 
stalling  airfoil  presents  a  problem  as  great  as,  or  greater  than,  that  of 
the  nose  stalling  type. 

Certainly  the  determination  of  exacting  parameters  for  maximum  iift 
prediction  is  a  problem  which  can  hardly  be  solved  with  current  empirical 
data  or  existing  theory.  It  is  obvious  that  no  one  geometric  parameter, 
and  probabiy  no  one  set  of  parameters,  wili  fit  both  the  leading-edge 
and  trai I ing-edge  stalling  cases.  Further,  when  cambered  profiles  or 
profiles  in  a  turbulent  free  stream  and/or  with  surface  roughness  (or 
discontinuities)  are  considered,  considerable  complexity  is  added.  The 
three  parameters  used  in  this  section,  free-stream  Reynolds  Number,  profile 
thickness,  and  profile  thickness  distribution,  appear  as  applicable  to  the 
total  symmetrical  profile  picture,  considering  both  trai I ing-edge  and 
leading-edge  stalling  profiles,  as  any  known  at  this  time.  For  this 
reason,  and  because  Reynolds  Number  and  thickness  seem  to  yield  an 
unusually  good  physical  picture  of  the  relationship  between  "round-nose" 
and  "sharp-nose"  airfoils,  these  parameters  were  selected  for  use 
throughout  this  portion  of  the  report. 

To  this  point  very  I  ittle  has  been  stated  concerning  the  cambered 
profile.  Fig.  19  demonstrates  the  effect  of  increasing  the  amount  of 
camber  on  64  -  series  profiles.  It  will  be  noted  that  increased  camber 
raises  maximum  lift  coefficient  throughout  the  thickness  range. 
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Investigation  into  the  separation-stall  pattern  (as  a  function  of  thickness 
and  Reynolds  Number  for  various  degrees  of  camber  applied  to  this  and 
several  other  series  of  profiles)  revealed  that  the  interpretation  of  curve 
shape  presented  previously  in  the  symmetrical  profile  case  still  very 
closely  holds,  correlation  being  perfect  for  the  63,  64,  and  65  cambered 
series  while  the  230  series  yields  what  is  seemingly  leading-edge  type 
stall  somewhat  beyond  what  is  thought  to  be  the  poinf  of  maximum 
curvature.  The  reason  for  this  discrepancy  is  currently  not  known.  It  was 
further  noted  that  although  thin-airfoil  stall  gives  way  to  leading-edge 
type  separation  at  approximately  the  same  thickness  (independent  of  camber), 
increased  camber  allowed  trai I ing-edge  stall  to  become  the  limiting 
phenomenon  for  thinner  and  thinner  airfoils.  This  can  be  seen  by  the 
reader,  if  he  will  accept  the  curve-shape  principle,  from  study  of  the 
curve  shapes,  Fig.  19.  A  discussion  of  the  possible  significance  of  this 
and  other  observations  regarding  the  cambered  profile  may  be  found  in  the 
fol lowing  section. 

5. If  Possible  Significance  of  Empirical  Stall  Studies  —  B.L.C. 

Concepts 

At  this  point  it  would  be  well  to  discuss  briefly  the  effects 
upon  a  profile  of  the  application  of  either  circulation  control  or  boundary 
layer  control. 

These  two  terms  have  unfortunately  been  given  a  wide  variety  of 
definitions,  depending  upon  whether  the  individual  proposing  such' 
definitions  were  interested  primarily  in  the  basic  function  of  the  control 
itself,  its  overall  effects,  or  its  effects  upon  only  a  portion  of  the  wing 
on  profile.  Invariably,  however,  considered  in  the  most  rudimentary  sense. 
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circulation  control  involves  the  increase  of  lift  at  angle  of  attack,  and 
boundary  layer  control  (B.L.C.)  is  concerned  with  extending  the  base 
prof i le  lift  curve. 

For  purposes  of  this  discussion  (and  basing  definitions  upon  increment 
in  lift  attainable  over  and  above  that  of  the  base  profile),  circulation 
control  will  be  defined  as  that  control  which,  through  increasing  effective 
camber,  increases  the  lift  coefficient  of  a  profile  even  at  an  angle  of 
attack  where  the  profile  suffers  no  separation  or  unusually  thickened 
boundary  layer  (i.e.:  even  where  the  profile  itself  is  obtaining  a  lift 
predictable  by  potential  theory).  Boundary  layer  control  would  then  be 
that  control  which,  through  its  ability  to  energize  the  boundary  layer  or 
otherwise  delay  or  prevent  separation,  increases  the  lift  coefficient  of  a 
profile  only  at  those  angles  of  attack  where  separation  or  a  very  thick 
boundary  layer  exists  on  the  base  profile.  The  lift  attainable  through 
such  a  system  would,  by  implication,  be  limited  by  the  profile's 
theoretical  characteristics.  Using  these  definitions,  circulation 
control  has  its  basis  in  increasing  the  profile's  theoretical  lifting 
capabilities  while  B.L.C.  permits  the  profile  to  realize  at  least  partially 
its  own  otherwise  unfulfilled  theoretical  potentialities. 

Application  of  circulation  control  normally  reveals  a  shift  of  profile 
lift  curve  to  the  left,  showing  increased  lift  at  all  angles  until  the  base 
profile  angle  for  maximum  lift  is  approached.  The  trai I i ng-edge  flap 
would  be  an  example  of  a  circulation  control.  A  profile  with  B.L.C. 
generally  retains  the  angle  of  zero  lift  of  the  base  profile,  maintains  a 
lift  curve  slope  close  to  theoretical,  and  achieves  maximum  lift  at  angles 
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of  attack  and  thus  lift  coefficients  in  excess  of  those  attainable  by  the 
base  prof i le. 

Any  definitions  for  these  two  terms  must  be  applied  with  caution  and 
possible  Implications  considered.  Certainly  all  definitions  depend  upon 
what  is  considered  to  be  controlled.  For  instance,  were  the  definitions 
given  here  with  respect  to  a  trai I ing-edge  flap  rather  than  the  base 
profile,  the  use  of  a  control  to  assist  the  trai I ing-edge  flap  toward 
achieving  its  theoretical  potential  in  effectiveness  must  be  considered 
as  B,L,C,  (with  respect  to  the  flap).  However,  with  respect  to  the  base 
profile  such  a  system  is  normally  circulation  control  as  it  increases  the 
effective  camber  of  the  overall  configuration.  Another  possible  source 
of  difficulty  is  that  angle  of  attack  is  itself  a  matter  of  definition, 

A  flapped  configuration  may  have  an  angle  of  attack  based  on  a  trai I ing- 
edge  flap  definition,  a  leading-edge  flap  definition,  or  a  cambered 
profile  definition.  As  the  base  profile  (flap  undeflected)  has  angle  of 
attack  defined  in  the  same  way  in  all  cases,  the  value  of  circulation 
control  due  to  flap  deflection  is  very  violently  a  function  of  angle  of 
attack  definition.  If  confusing  elements  such  as  these  are  kept  in  mind, 
the  application  of  any  sound  definition  for  the  boundary  layer  and 
circulation  control  terms  is  greatly  facilitated. 

Although  in  many  instances  both  circulation  control  and  boundary 
layer  control  (as  well  as  other  lift  increasing  effects)  are  brought  into 
play  through  the  use  of  a  single  controlling  system,  it  is  quite  possible 
to  have  a  "pure"  boundary  layer  control  (i.e.:  no  circulation  control). 

The  remainder  of  this  section  will  be  concerned  with  just  such  a  system 
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and  the  implications  which  can  be  gleaned  from  the  previous  section 
regarding  its  possible  capabilities.  Further  discussion  of  circulation 
controls  may  be  found  in  Section  3.2. 

As  defined  here,  boundary  layer  control  enables  a  profile  to  approach 
its  theoretical  lifting  potentialities  but  not  to  exceed  them.  Hence,  at 
low  angles  of  attack,  where  due  to  lack  of  separation  the  profile  is 
closely  achieving  its  theoretical  potential,  the  lift  curve  of  the  controlled 
profile  closely  coincides  with  that  of  the  uncontrolled.  When  separation 
initiates  on  the  base  profile,  the  two  curves  will  diverge,  the  controlled 
configuration  maintaining  a  slope  closely  equal  to  that  which  would  be 
theoretically  predictable  for  the  profile  shape  in  question.  The 
controlled  profile  curve  follows  this  slope  to  an  angle  of  attack  which  can 
be  considerably  greater  than  that  at  which  the  base  profile  stalls.  The 
maximum  lift  coefficient  achieved  by  a  profile  with  B.L.C.  can  thus  be 
much  higher  than  that  possible  with  the  base  profile. 

Although  a  few  systems  can  control  leading-edge  or  trai I ing-edge 
separation  with  closely  equal  facility  (complete-chord  upper-surface 
suction,  for  instance),  most  boundary  layer  control  systems  are  designed 
primarily  to  delay  or  prevent  separation  at  either  the  leading-edge  or 
the  trai I ing-edge  of  a  profile.  A  control  located  at  the  leading-edge 
would  in  all  probability  be  selected  for  use  with  the  thin  profile  which 
is  characterized  by  leading-edge  (or  thin-airfoi  I )  separation.  A 
trai I  ing-edge  control  would  doubtless  be  used  with  trai I ing-edge  stalling 
thick  profiles.  Although  some  leading-edge  boundary  layer  control  systems 
can  also  partially  control  trai I ing-edge  separation,  this  must  generally 
be  considered  a  minor  effect  demanding  of  large  amounts  of  power.  Trailing- 
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edge  B.L.C.  can  seemingly  be  of  no  assistance  at  all  in  controlling  any 
leading-edge  separation.  It  would  thus  seem  that,  for  purposes  of 
simplification,  B.L.C.  can  here  be  treated  as  pure  B.L.C.  (both  leading-edge 
and  tra i I ing-edge  separation  controlled,  no  circulation  control),  pure 
leading-edge  B.L.C.  (leading-edge  separation  controlled,  no  control  of 
trai I ing-edge  separation,  no  circulation  control),  or  pure  trai  I ing-edge 
B.L.C.  (trai  I ing-edge  separation  controlled,  no  control  of  leading-edge 
separation,  no  circulation  control).  The  pure  B.L.C.  system  as  defined  can 
cover  such  systems  as  complete-chord  upper-surface  suction  as  well  as  the 
combination  of  leading-edge  and  trai I ing-edge  systems  located  on  the  same  (no 
circulation  control)  profile. 

Considering  the  pure  boundary  layer  control  system,  where  both  leading- 
edge  and  tra  i  I  ing-edge  controls  are  present,  the  maximum  lift  possible  with 
such  a  system  can  be  approximated  by  potential  theory.  The  lift  coefficient 
for  a  profile  as  given  by  thin  airfoil  theory  is: 

Cl  -  arrsincsc 

Lift  coefficient  can  be  seen  to  reach  a  maximum  value  of  ITT  (or  6.28)  when 
sin  cxc  is  maximum  (  oc  =  90°).  Modifications  of  this  equation  to  consider 
the  effect  of  profile  thickness  yield  results  such  as  the  following  for  normal 
airfoi I s; 
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As  the  term  added  here  is  quite  small,  it  can  safely  be  stated  that  the 
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usual  uncambered  profile,  completely  controlled,  has  a  maximum  lift 
coefficient  of  close  to  6.28  at  an  angle  of  attack  of  90°.  Certainly  a 
great  deal  of  control  power  would  be  necessary  to  achieve  this,  but  this 
value  does  represent  the  maximum  amount  of  lift  which  can  possibly  be 
attained  by  a  profile  with  a  pure  (both  leading-edge  and  trai I ing-edge) 
boundary  layer  control  system. 

A  considerably  more  difficult  problem  is  that  of  approximating  the 
maximum  lift  attainable  through  use  of  either  a  pure  leading-edge  or  pure 
trai I ing-edge  boundary  layer  control.  There  is  here,  for  reasons  later 
described,  no  recourse  to  potential  theory,  only  empirical  data  being 
available  upon  which  to  base  any  study.  This  is  indeed  unfortunate  as 
the  vast  majority  of  B.L.C.  applications  more  closely  approximate  the 
pure  leading-edge  or  trai I ing-edge  case  than  the  pure  (overall)  B.L.C. 
system. 

Intuitively,  it  would  seem  obvious  that,  even  if  the  type  of  stall 
(leading-edge  or  trai I ing-edge)  characteristic  of  a  given  profile  is 
prevented  at  all  angles,  the  profile  can  still  experience  stall  of  the 
other  type  if  angle  of  attack  is  increased  sufficiently.  For  instance, 
a  pure  trai I  I ng-edge  B.L.C.  can  probably  be  powered  sufficiently  to 
prevent  tra i I  I ng-edge  separation  at  any  angle  of  attack,  but,  when  the 
profile  reaches  an  angle  of  attack  where  leading-edge  separation  initiates, 
stall  will  soon  occur  from  the  leading-edge..  The  reverse  pattern  would  be 
expected  in  the  case  of  a  pure  leading-edge  system  applied  to  a  normally 
leading-edge  stalling  profile. 

Experimental  evidence  seems  to  back  up  the  speculation  above.  Fig.  20 
demonstrates  the  appearance  of  typical  lift  curves  of  a  thin  profile  with 
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a  leading-edge  control  and  a  thick  profile  with  a  trai I Ing-edge  control. 
These  curves  represent  a  slightly  idealized  case  as  the  two  controls  have 
been  assumed  to  be  pure  B.L.C.  devices.  However,  experimental  data  from 
actual  systems  which  approach  this  idealized  case  reveal  the  same  general 
characteristics  and  stall  shapes. 

The  thin  profile,  without  control,  is  seen  from  Fig.  20A  to  stall 
from  the  leading-edge.  With  a  small  amount  of  control,  but  not  enough  to 
achieve  an  angle  of  attack  where  trai I ing-edge  separation  initiates,  this 
curve  would  be  expected  to  extend  slightly  upward  and  stall  (not  shown) 
in  closely  the  same  manner.  Thus  the  B.L.C.  has  served  to  delay  the 
occurrence  of  stall,  but  has  not  prevented  leading-edge  separation.  The 
addition  of  further  control  power  would  extend  this  curve  to  an  angle  of 
attack  where-. stall  is  infiue"ced  by  trai I ing-edge  separation,  giving  a 
mixed  type  of  stall  as  shown.  Were  the  lead\ng~edge  control  now  made 
capable  of  delaying  any  leading-edge  separation  to  an  angle  beyond  that 
where  trai I ing-edge  stall  occurs,  it  could  be  said  to  have  prevented 
leading-edge  separation,  and,  in  the  case  of  the  pure  system  shown,  the 
occurrence  of  trai I ing-edge  stall  would  establish  the  maximum  lift 
coefficient  that  this  profile  with  B.L.C.  could  achieve,  regardless  of 
control  power.  It  will  be  noted  that  leading-edge  B.L.C.  does  little  to 
increase  the  slope  over  that  of  the  base  thin  profile  as  this  leading-edge 
stalling  profile  yields  a  slope  already  very  close  to  theoretical. 

Fig,  20B  reveals  the  same  general  pattern  as  Fig.  20A.  Complete 
control  of  trai 1 ing-edge  separation  can  be  said  to  occur  at  that  control 
power  where  the  profile  stalls  completely  from  the  leading-edge.  Lesser 
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control  powers,  even  though  final  stall  occurs  from  the  leading-edge,  permit 
sufficient  trai I ing-edge  separation  prior  to  stall  to  reveal  a  mixed  (and 
lower  lift)  separation-stall  pattern.  It  may  be  noted  here  that,  unlike 
the  case  in  Fig.  20A,  the  use  of  trai I ing-edge  B.L.C.  on  a  trai i ing-edge 
stalling  profile  can  be  expected  to  give  some  lift  increment  even  in  the 
relatively  low  angle  of  atfack  range.  This  is  due  to  the  fact  that 
trai I ing-edge  stall  is  normally  preceeded  by  a  rapidly  thickening  turbulent 
boundary  layer  and  a  rather  long  buffet  (separation)  regime. 

The  previous  paragraphs  have  served  to  introduce  the  concept  that  the 
maximum  lift  attainable  by  a  profile  with  either  a  pure  leading-edge 
B.L.C.  device  or  a  pure  trai I ing-edge  B.L.C.  device  is  most  probably 
established  by  the  lift  coefficient  at  which  there  occurs  pure  trai I ing- 
edge  or  pure  leading-edge  stal I  respectively.  ("Pure"  stall  would  be 

that  which  occurs  at  one  of  the  separation-prone  regions  with  no  separation 

# 

occurring  simultaneously  at  the  other  separation-prone  region).  A 
necessary  corollary  to  this  would  be  that  a  pure  leading-edge  B.L.C.  system 
would  yield  no  lift  increment  when  applied  to  a  pure  trai I ing-edge  stalling 
profile,  nor  would  a  pure  trai I ing-edge  boundary  layer  control  help  at  all 
when  applied  to  a  pure  leading-edge  stalling  profile. 

The  apparent  complete  dependence  upon  viscous  phenomena  of  the  lift 
limitations  here  imposed  reveals  why  the  prediction  of  lifting  potentiality 
with  most  forms  of  B.L.C.  cannot  be  approached  through  potential  theory. 
Boundary  layer  theory  is  also  unable  to  predict  maximum  possible  lift  with 
such  devices,  and  hence  recourse  must  be  made  to  empirical  data. 
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Considering  still  the  pure  leading-edge  B.L.C.  system  and  the  pure 
trai  I  ing-edge  B.L.C.  system,  it  has  been  found  that  the  empirical  stall 
studies  discussed  previously  can  be  of  some  assistance  in  determining  the 
possibility  of  predicting  the  maximum  lift  attainable  through  the  use  of 
either  device. 

Looking  now  at  the  plot  of  C|  vs.  profile  thickness  (Fig.  17) 

max 

for  any  profile  series  at  a  constant  Reynolds  Number,  it  would  be  of  some 
value  to  inspect  the  probable  changes  made  in  this  curve  if  the 
restriction  were  applied  that  profiles  in  this  series  could  not  separate 
from  the  leading-edge.  In  other  words,  what  might  be  the  appearance  of 
this  curve  if  all  profiles  must  stall  in  a  "pure"  trai I ing-edge  manner? 

One  segment  of  the  true  (no  control)  curve  already  satisfies  this 
restriction.  This  is  the  close'ly  linear,  thick  profile  portion,  labeled 
"Z".  Assuming  that  the  slope  of  this  portion  of  the  curve  is  indicative 
of  the  effect  of  profile  thickness  on  the  maximum  lift  of  pure  trai  I ing- 
edge  stalling  airfoils  of  the  given  series  and  Reynolds  Number,  it  would 
seem  that  this  linear  segment  might  be  extrapolated  to  lower  thicknesses. 
Segment  "Z"  and  its  extrapolation  would  thus,  based  on  the  assumption 
above,  define  the  appearance  of  this  curve  for  the  profile  series  which  is 
not  permitted  any  leading-edge  separation  and  therefore  would  form  the 
locus  of  maximum  lifts  attainable  for  a  profile  of  this  series  and  Reynolds 
Number  with  "pure"  leading-edge  B.L.C.  (complete  control  stall,  Fig.  20A). 

Suppose  now  that  the  profile  series  in  question,  rather  than 

restricted  to  pure  trai 1 ing-edge  stall,  is  restricted  to  pure  leading-edge 

stall.  The  region  of  the  true  Ci  vs.  t/c  curve  which  most  closely 

'max 
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satisfies  this  restriction  is  the  lowest  portion  of  segment  "B",  Fig.  17. 
In  this  region,  trai I ing-edge  separation,  if  present  at  all,  is  of  minor 
importance.  Assuming,  as  in  the  case  above,  that  the  slope  of  this 
portion  of  the  curve  is  indicative  of  the  effect  of  profile  thickness  on 
the  maximum  lift  of  pure  leading-edge  stalling  airfoils,  extrapolation 
of  this  segment  of  the  true  curve  to  higher  thicknesses  could  yield  a 
curve  indicative  of  the  maximum  lift  characteristics  of  profiles  (of  the 
given  series  at  the  given  R.N.)  stalling  in  the  pure  leading-edge  manner. 
This  extrapolation  would  then  define  the  maximum  lift  attainable  for  a 
profile  with  pure  trai I ing-edge  B.L.C.  (complete  control  stall.  Fig.  20B). 

These  extrapolations  are  shown  in  Fig.  2IA.  I'l  will  be  noted  that 

linear  extrapolations  have  been  used.  This  is  a  reflection  of  a  rather 

* 

strict  interpretation  of  the  assumption  given  in  the  previous  two 
paragraphs.  That  is,  that  not  only  are  the  slopes  of  the  pure  portions 
of  the  true  curve  indicative  of  the  effect  of  profile  thickness  on  the 
maximum, lift  of  pure  stalling  profiles,  but  that  there  are  no  secondary 
thickness  effects.  Experimental  data  from  tests  conducted  using 
closely  pure  leading-edge  and  trai I ing-edge  B.L.C.  systems  (discussed  in 
section  3.3)  reveal  rather  good  agreement  with  results  obtained  from  use 
of  these  extrapolations,  particularly  above  a  profile  thickness  of 
approximately  6%.  It  thus  seems  that  the  assumption  above  has  a  good  deal 
of  validity  and  that  even  the  linear  interpretation  has  sufficient  merit 
for  use  in  prediction  studies. 

Consideration  of  the  effects  of  well-forward  camber  on  a  profile's 
maximum  lift  characteristics  provides  some  demonstration  of  the  possibili¬ 
ties  of  the  linear  extrapolation  method.  Comparing  the  cambered  profile 
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with  its  base  symmetrical  counterpart,  it  would  be  expected  that  cambering 
(considered  as  a  control  system)  would  provide  both  circulation  control 
and  8,L.C.  with  respect  to  the  symmetrical  profile.  With  a  small  amount 
of  camber  located  fairly  well  forward  it  would  be  thought  fhat  the 
primary  0.L.C,  would  be  at  the  leading-edge,  although  the  camber  could 
also  induce  some  premature  trai I ing-edge  separation  or  stall  (negative 
trai I ing-edge  B.L.C.).  This  system  is,  of  course,  anything  but  "pure". 

Its  correlation  with  the  linear  extrapolation  method  is,  however,  quite 

« 

possible. 

Studies  were  made  of  the  maximum  lift  characteristics,  as  given  in 

Ref.  9,  of  63,  64,  and  65  series  profiles  with  and  without  small  amounts 

of  forward  camber  and  at  three  Reynolds  Numbers.  The  plot  of  Ci  vs. 

'max 

profile  thickness  for  the  64  series  is  shown  in  Fig.  19.  This  plot  and 

those  for  the  63  and  65  series  revealed  the  following;  (I)  The  stall-type 

significance  of  the  cambered  profile  curve  shape  is  analogous  to  that  for 

the  symmetrical  profile  -  Fig.  17.  (2)  In  the  thickness  range  where  the 

base  symmetrical  profile  stalls  in  a  pure  trai I ing-edge  manner,  cambering 

raises  the  lift-level  of  the  Ci  vs.  t/c  curve  but  does  not  effectively 

'max 

alter  its  slope.  (3)  The  pure  trai I ing-edge  stall  segment  of  the  cambered 
profile  curve  extends  to  a  profile  thickness  at  least  as  low  as  is  the 
case  with  the  base  symmetrical  profile,  in  many  cases  lower.  (4)  The 
trai I ing-edge  (not  necessarily  pure)  stall  segment  of  the  cambered  profile 
curve  extends  to  lower  profile  thicknesses  the  greater  the  camber.  The 
regionsof  maximum  curvature  for  the  cpmbered  profile  curves  appear  to  lie 
closely  on  the  linear  extrapolation  of  the  base  symmetrical  profile's 
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pure  trai I ing-edge  stall  line.  Stall  points  above  this  extrapolation  were 
found,  with  very  few  exceptions,  to  be  of  the  trai I ing-edge  type,  while 
those  below  were  leading-edge.  (5)  The  cambered  profile  demonstrates  very 
nearly  the  same  Reynolds  Number  and  thickness  distribution  effects  as  its 
base  symmetrical  profile.  If  symmetrical  profiles  of  different  thickness 
distributions  have  different  pure  trai I ing-edge  stall  slopes,  identically 
cambered  versions  of  these  profiles  yield  closely  the  same  slope  difference. 
(6)^1  ,  due  to  camber  is  greater  for  thicknesses  less  than  that 
defining  maximum  curvature  for  the  base  symmetrical  profile  curve. 

The  above  observations  should  not  be  expected  to  hold  for  profiles 
with  large  amounts  of  camber  or  with  camber  located  relatively  far  aft. 

They  do  hold  quite  well,  however,  for  the  "normally"  cambered  profile 
(small  amount  of  camber  located  fairly  well  forward).  Fig.  2lB 
demonstrates  some  of  the  characteristics  mentioned  above.' 

The  relatively  constant  positive  iift  increment  due  to  camber  in  the 
high  thickness  regime  must  be  attributed  to  circulation  control  as  any 
leading-edge  B.L.C.  effect  will  be  zero  in  this  thickness  range.  The 
question  now  arises  as  to  what  portion  of  the  lift  increment  at  lower 
thicknesses  can  be  allocated  to  circulation  control.  It  is  generally 
conceded  that  any  positive  circulation  control,  in  the  absence  of 
leading-edge  B.L.C,  must  increase  the  tendency  of  a  profile  to  stall  from 
the  ieading-edge.  Thus  a  trai I ing-edge  stalling  profile,  given  circulation 
control,  can  stall  from  the  ieading-edge  at  a  premature  angle  of  attack  and 
lift  coefficient.  A  leading-edge  stalling  profile  will  stall  even  sooner 
when  under  the  influence  of  a  positive  circulation  control.  This  means, 
for  purposes  of  this  discussion,  that  a circulation  control  of  given 
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effectiveness  {  ACi  )  can  never  yield  a  jd.C|  greater  than 

that  which  it  achieves  in  the  thick  profile  case.  The  term,  AC|  , 

may  be  shown  experimentally  to  be  independent  of  thickness  in  the  cambered 

case  being  considered.  The  creation  of  leading-edge  boundary  layer 

control  through  cambering  is  thus  evident  as  camber  creates  even  greater 

AC|  for  the  leading-edge  stalling  profiles  than  for  the  trai  ling- 
max 

edge  stalling  airfoils-.  Also,  it  must  be  remembered  that  camber  allows 
the  profile  to  go  to  very  low  thicknesses  and  still  notstali  from  the 
leading-edge. 

Assuming,  conservatively,  that  circulation  control  is  independent  of 

thickness  and  equal  to  tor  the  thick  profile  regime,  it  may  be 

'max 

subtracted  out  at  all  thicknesses.  After  this  has  been  accomplished  only 
the  leading-edge  B.L.C.  effect  of  camber  remains.  Correlation  with  the 
linear  extrapolation  method  as  applied  to  the  base  symmetric  profile  is 
readily  seen.  The  fa II -off  in  maximum  lift  from  the  linear  extrapolation 
line  as  thickness  is  decreased  is  explained  by  the  fact  that  a  given 
amount  of  camber  is  less  effective  in  delaying  leading-edge  separation  the 
thinner  the  prof i le. 

The  probable  negative  trai I ing-edge  B.L.C.  mentioned  previously  has 
been  disregarded  in  the  analysis  above.  Its  effects  are  certainly  quite 
small  and  consideration  of  the  problem  will  reveal  that  although  its 
effects  can  change  the  situation  quantitatively  it  cannot  be  altered 
qualitatively.  Division  in  this  manner  of  the  effect  of  any  complex 
system  (which  is  not  achieving  complete  control)  into  its  leading-edge 
B.L.C.,  trai I ing-edge  B.L.C.,  and  circulation  control  elements  is  certainly 
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most  difficult  and  often  highly  misleading.  One  reason  for  this  is  that 
circulation  control  lacks  reasonable  definition  and  all  too  often  becomes 
entangled  with  trai I ing-edge  B.L.C.  It  is  somewhat  easier  to  assume  one 
of  the  boundary  layer  controls  to  either  be  of  negligible  effect  or  group 
it  with  circulation  control.  Luckily,  many  systems  are  amenable  to  such 
an  approach. 

Many  rather  interesting  features  regarding  the  limitations  and  likely 
characteristics  of  systems  approaching  the  pure  leading-edge  or  pure 
trai I ing-edge  B.L.C.  cases  may  be  derived  from  consideration  of  the 
implications  of  the  linear  extrapolation  method.  This  method  indicates 
that  the  limiting  maximum  lift  attainable  with  such  systems  is  very  much 
a  function  of  profile  thickness,  profile  thickness  distribution,  and 
Reynolds  Number. 

A  pure  leading-edge  B.L.C.  system  may  be  expected  to  yield  zero 

AC|  (with  respect  to  the  base  profile)  at  all  thicknesses  above 
'max 

that  at  which  pure  trai I ing-edge  stall  occurs  on  the  base  profile.  This 

thickness  where  AC,  goes  to  zero  may  be  expected  to  decrease  with 

'max 

increased  Reynolds  Number  and  increase  if  the  point  of  maximum  thickness 

is  moved  aft  on  the  profile  (note  trends  shown  in  Figs.  17  and  18).  A 

pure  trai  I  ing-edge  B.L.C.  system  will  yield  zero  ACi  at  all 

max 

thicknesses  below  that  at  which  pure  leading-edge  stall  occurs  on  the 
base  profile.  Again,  this  limiting  thickness  will  be  smaller  the  greater 
the  Reynolds  Number  and  greater  the  more  aft  the  point  of  maximum 
thickness  is  located  on  the  profile.  (Figs.  17  and  18). 
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Based  upon  the  linear  extrapolation  method  and  study  of  Fig.  17,  the 

pure  leading-edge  B.L.C,  (complete  control)  will  initiate  gains  at 

thicknesses  less  than  that  described  above  and  would  be  expected  to  create 

greater  ACi  the  thinner  the  profile.  For  a  given  thickness, 
max 

Ac  I  probably  would  be  greater  the  less  the  Reynolds  Number.  Also, 
max 

movement  of  the  point  of  maximum  thickness  rearward  on  the  profile  seems  to 

generally  increase  ACi  for  given  thickness.  The  pure  trai ling- 

max 

edge  B.L.C.  (complete  control)  will  create  greater  ACi  the  thicker  the 

max 

profile.  For  a  given  thickness,  ACi  will  now  generally  be  smaller 

max 

the  smal ler  the  Reynolds  Number.  The  effect  of  movement  of  the  point  of 

maximum  thickness  aft  is  also  opposite  to  the  effect  shown  for  the  pure 

leading-edge  B.L.C.  system,  the  aftward  movement  of  this  point  generally 

reducing  the  ACi  for  a  given  thickness.  Figs.  22  through  25 

max 

demonstrate  the  application  of  the  linear  extrapolation  method  to  symmetrical 
profiles  of  the  65,  64,  and  65  series  at  Reynolds  Numbers  from  3  x  10^  to 
9  X  10^. 

The  proceeding  observations  as  well  as  Figs.  22  to  25  are  based  upon 
study  of  the  general  curve  shapes  of  Figs.  17  and  18  and  the  slopes  of 
the  "pure"  stalling  regions  shown  in  Fig.  17.  As  these  data  are  comprised 
of  only  three  profile  series  at  three  Reynolds  Numbers,  there  is,  of  course, 
the  possibility  that  these  trends  may  not  hold  for  all  Reynolds  Numbers 
and  profile  series.  It  is  felt,  however,  that  the  trends  are  realistic  in 
the  range  of  data  considered,  and  are  not  the  result  of  reading  too  much 
into  somewhat  scattered  empirical  data.  Confirmation  of  this  is  found  in 
the  cambered  profile  studies,  the  cambered  profile  characteristics 
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following  the  same  trends  established  by  the  pure  Tra  i  I  ing-edge  stalling 
portion  of  the  corresponding  base  profile  curve.  Hence,  it  would  be 
erroneous  to  disregard  Reynolds  Number,  or  even  thickness  distribution,  in 
applying  th i s  method. 

In  applying  the  linear  extrapolation  method,  it  is  first  necessary  to 

obtain  data  for  the  profile  in  question  so  as  to  enable  at  least  the 

plotting  of  that  portion  of  the  Ci  vs.  t/c  curve  from  which  the  I  inear 

'max 

extrapolation  is  to  be  made.  It  is  also  necessary  that  this  data  be  at 

the  Reynolds  Number  of  interest.  The  Ci  attainable  with  a  pure  leading- 

edge  B.L.C.  will  be  defined  by  the  linear  extrapolation  of  the  pure 

tra  i  I  ing-edge  stall  portion  of  this  curve.  The  Ci  attainable  with  a 

'max 

pure  tra  i  I ing-edge  B.L.C.  will  be  defined  by  the  linear  extrapolation  of  the 
pure  leading-  edge  stall  portion  of  the  curve  (a  line  drawn  tangent  to  the 
point  on  the  curve  where  slope  is  maximum).  It  must  be  remembered  that  this 
method  predicts  the  maximum  possible  lift  coefficient  achieved  through  use  of 
such  systems  and  says  nothing  about  the  amount  of  control  necessary  to  achieve 
this  complete  control. 

The  degree  of  defle.'tion,  blowing,  suction,  etc.  which  is  necessary 
to  achieve  complete  control  is  a  function  not  only  of  Reynolds  Number, 
profile  thickness,  and  proti le  thickness  distribution,  but  of  the  control 
geometry,  location,  and  overall  efficiency.  The  ability  of  any  given 
B.L.C.  system  to  achieve  complete  control,  the  extent  to  which  it 
approaches  a  "pure"  control,  and  the  system's  partial  control  characteristics 
will  be  subjects  covered  in  Section  3.3. 
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As  was  mentioned  previously,  the  division  of  any  complex  control  into 

its  elements  is  highly  difficult.  Let  us  now,  however,  consider  a  system 

with  a  fixed  circulation  control  such  as  a  trai I Ing-edge  flap  of  given 

deflection.  If  sufficient  data  Is  available  for  this  system  as  applied 

to  profiles  of  a  given  series  at  a  given  Reynolds  Number,  it  is  possible 

to  plot  a  Cl  vs.  t/c  curve  similar  to  that  of  Fig.  17.  Indications 
'max 

are  that  the  addition  of  controls  does  not  alter  the  curve  shape 

significance  as  given  in  Fig.  17.  Hence  it  seems  logical  that  the  linear 

extrapolation  method  may  be  used  with  profiles  with  circulation  control 

as  well  as  with  the  base  profile  so  long  as  the  Ci  vs.  t/c  curve  for 

'max 

that  profile  series  with  the  given  circulation  control  is  known. 

it  further  seems  that  if  the  Ci  vs.  t/c  curve  for  a  profile 

max 

series  with  a  fixed  amount  of  trai ! ing-edge  B.L.C.  were  known,  the  linear 

extrapolation  method  would  indicate  the  limiting  I ift  attainable  through 

the  addition  of  a  pure  leading-edge  B.L.C.  system  to  this  trai I ing-edge  system 

of  known  characteristics.  The  same  could  be  said  for  the  addition 

of  a  pure  trai I ing-edge  system  to  a  leading-edge  system  of  known 

characteristics.  In  fact,  It  appears  that  the  limit  lift  attainable 

through  the  addition  of  either  pure  system  to  any  existing  system  for 

which  a  Cl  vs.  t/c  curve  may  be  obtained  can  be  found  through 
max 

application  of  the  linear  extrapolation  method.  The  problem  here  is, 
of  course,  the  determination  of  the  characteristics  of  the  system  prior 
to  the  addition  of  the  pure  system.  Empirical  data  seems  the  only  good 
source  for  such  information. 

Although  much  of  the  data  shown  in  this  summary  report  appear  to 
justify  the  use  of  an  approach  such  as  the  linear  extrapolation  method, 
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true  establishment  of  its  validity  and  shortcomings  must  await  further 

investigation.  If  verification  is  achieved,  it  is  possible  that  through 

study  of  the  inter-relationships  among  the  C,  vs.  t/c  curves  for  large 

max 

numbers  of  profiles  throughout  a  wide  Reynolds  Number  range,  this  method 
could  become  a  more  wieldy  and  quite  useful  tool. 

3. Iq  Conclusions  and  Summary 

All  forms  of  stall  result  from  a  separation  of  the  boundary 
layer  and  this  separation  may  occur  in  either  the  turbulent  or  the  laminar 
region.  Although  it  is  difficult  to  assign  a  given  type  of  stall  to  a 
given  profile,  thicker  profiles  with  large  leading-edge  curvature  generally 
demonstrate  trai I ing-edge  stall  which  progresses  from  a  turbulent  separation 
while  thinner  profiles  with  smaller  leading-edge  radii  generally  produce  a 
stall  resulting  from  laminar  separation  at  the  leading  edge. 

Separation  of  the  boundary  layer  can  give  rise  to  three  different 
general  types  of  stall; 

(1)  Trai I ing-edge  stall  (preceded  by  movement  of  the  turbulent 
separation  point  forward  from  the  trai I ing-edge  with  increasing 
angle  of  attack.) 

(2)  Leading-edge  stall  (abrupt  flow  separation  near  the  leading- 
edge  ”  generally  without  subsequent  reattachment.) 

(3)  Thin-air foil  stall  (preceded  by  flow  separation  at  the  leading- 
edge  with  reattachment  at  a  point  which  moves  progressively 
rearward  with  increasing  angle  of  attack.) 

These. three  general  stall  types  above  occur  as  the  result  of  the 
three  possible  separation  types: 
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(1)  Trai I ing-edge  separation  (turbulent  separation  point  moving 
forward  from  the  trai I ing-edge  with  increased  angle  of  attack.) 

(2)  Leading-edge  separation  (laminar  separation  bubble  occurring  at 
the  leading-edge,  its  extent  being  invariant  with  angle  of 
attack  until  abrupt  flow  breakaway  occurs.) 

(3)  Thin-airfoii  separation  (laminar  separation  bubble  occurring  at 
the  leading-edge,  increasing  in  chordwise  extent  with  increased 
angle  of  attack.) 

Although  the  three  separation  types  can  be  said  to  give  rise  to  the 
three  corresponding  stall  types,  it  quite  often  occurs  that  two  or  more 
of  the  separation  types  can  be  present  prior  to  profile  stall.  In  fact, 
there  are  at  least  six  separation-stal I  patterns  possible; 

(1)  Stall  preceded  only  by  trai I ing-edge  type  separation  —no 
laminar  separation  prior  to  stall. 

(2)  Stall  due  to  trai I  ing-edge  type  separation  but  with  laminar 
separation  present  at  angles  of  attack  prior  to  stall. 

(3)  Stall  due  to  leading-edge  type  separation  but  with  trail ing- 
edge  separation  present  at  angles  of  attack  prior  to  stall. 

(4)  Stall  due  to  leading-edge  type  separation  —  no  trai I ing-edge 
separation  prior  to  stall. 

(5)  Stall  due  to  thin-airfoil  type  separation,  the  laminar  bubble 
at  low  angles  of  attack  being  of  the  leading-edge  type  —  no 
trai I ing-edge  separation. 

(6)  Stall  due  to  thin-airfoil  type  separation  with  no  leading-edge 
type  separation  or  trai I ing-edge  separation  occurring  prior  to 
stal I , 
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There  probably  exists  still  more  combinations  such  as  stall  due  to 
thin-airfoil  type  separation  with  trai I ing-edge  separation  existing  prior 
to  stall  and  vice  versa.  Certainly  it  is  often  impossible  to  ascertain 
which  separation  actually  triggered  the  stall.  Just  to  complicate  the 
issue,  with  both  leading-edge  and  thin-airfoil  stalling  profile^  a 
secondary  stall  resembling  the  thin-airfoil  type  will  occasionally  occur. 
Although  leading-edge  or  thin-airfoil  separation  can  occur  on  the  same 
profile  under  the  same  free-stream  conditions,  it  is  impossible  by 
definition  for  both  leading-edge  and  thin-airfoil  separation  to  coexist 
(at  the  same  'X.  ) . 

The  separation-stall  type  for  a  given  profile  depends  upon  the  profile 
thickness,  thickness  distribution,  and  Reynolds  Number.  For  a  given 
Reynolds  Number  and  profile  series  it  is  possible  to  correlate  separation- 
stall  type  with  the  shape  of  the  maximum  lift  coefficient  vs.  profile 
thickness  curve.  Fig.  17  indicates  that  with  decreasing  thickness 
separation-stall  type  moves  from  the  pure  trai I ing-edge  to  the  pure  thin- 
airfoil  (from  I  to  6  above).  It  Is  interesting  to  note  how  seldom  there 
occurs  only  one  separation  type  at  angles  of  attack  prior  to  profile  stall 
and  how  much  difference  stall  type  and  separation  mixtures  can  make  in 
prof  1 le  maximum  I  I  ft. 

The  effect  of  Reynolds  Number  on  the  normal  profile's  separation- 
stall  characteristics  is  demonstrated  in  Fig.  18.  It  can  be  seen  that 
decreasing  Reynolds  Number  for  a  given  prof i le  is  essentially  the 
equivalent  of  decreasing  its  thickness  at  a  constant  Reynolds  Number.  As 
all  "sharp-nosed"  profiles  such  as  the  double  wedge  must  stall  in  a  thln- 
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airfoil  manner,  there  is  no  noticeable  Reynolds  Number  effect  on  such 
prof i les. 

Although  the  material  presented  in  this  section  of  the  report 
clearly  shows  the  trends  which  can  be  expected  in  the  stalling  characteristics 
and  maximum  lift  coefficients  attainable  with  variations  in  the  thickness, 
thickness  distribution,  and  Reynolds  Number  of  a  profile,  no  rigorous  means 
of  predicting  these  characteristics  of  any  given  profile  are  available. 

A  study  of  these  trends,  however,  casts  a  great  deal  of  light  on  the 
possibilities  of  predicting  the  maximum  lift  attainable  through  the  use  of 
boundary  layer  controls. 

It  is  felt  that  linear  extrapolations  from  the  pure  trai  I  ing-edge 

and  pure  leading-edge  stalling  portions  of  the  Ci  vs.  t/c  curve  for  the 

max 

given  profile  series  can  closely  define  the  limit  maximum  lift  attainable 
through  the  use  of  a  large  number  of  boundary  layer  controls.  This 
approach  further  seems  logical  even  for  use  with  profiles  with  circulation 
control.  Although  much  of  the  data  presented  in  later  sections  appear  to 
demonstrate  the  validity  of  such  an  approach,  true  verification  of  its 
usefulness  must  await  further  investigation. 

3.2  THE  EFFECT  Cf  TRAI LING-EDGE  DEVICES 
3.2a  General  Discussion 

Tlfe  quest  for  shorter  take-off  and  landing  distances  and 
better  lifting  characteristics  in  general  has  been  going  on  since  long 
before  the  Wright  brothers'  flight.  Between  the  First  World  War  and  the 
present  time  this  problem  has  become  increasingly  important  and  has 
presented  ever  greater  difficulty  in  solution  as  aircraft  have  reached 
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for  faster  and  faster  maximum  speeds.  As  high  speed  (and  high  wing  loading) 
capabilities  are  completely  at  odds  with  the  short  take-off  and  landing 
concept,  engineers  have  added  to  the  aircraft  configuration  those  high  lift 
"devices"  which  might  be  used  to  achieve  lift  increases  when  such  extra 
lift  is  desirable  while  creating  as  little  adverse  effect  as  possible  when 
high  lift  is  not  necessary.  While  the  word  "device"  has,  by  training,  a 
rather  ugly  connotation  among  aerodynamic! sts,  it  must  be  admitted  that  only 
such  controls  which  can  be  termed  "devices"  have  to  this  date  successfully 
approached  a  general  solution  to  the  high  speed  vs.  short  take-off  and 
landing  problem.  The  helicopter  has  so  far  proven  itself  limited  in  speed 
and  range.-  The  V.T.O.L.  aircraft  is  still  in  i+s  infancy  and  its  maximum 
speed  and  range  characteristics  remain  a  question  mark,  while  the 
integrated  jet  aircraft  with  a  combined  propulsive  and  lifting  system  is 
currently  little  more  than  a  twinkle  in  the  researcher's  eye.  Of  course, 
these  approaches  have  a  great  deal  of  potentiality,  but  they  cannot  in  the 
very  near  future  be  expected  to  yield  a  real  solution  to  this  current  and 
growing  conf I ict. 

The  devices  which  will  be  considered  in  this  report  may  be  classified 
as  (I)  trai I ing-edge  controls  and  (2)  leading-edge  controls.  It  is  the 
purpose  of  this  section  to  explore  the  high  lift  producing  effects  of  those 
types  of  devices  that  endeavor  to  influence  the  circulation  about  the 
profile  by  means  of  effecting  a  change  in  flow  conditions  at  the  trai I ing- 
edge.  Into  this  category  are  grouped  all  the  traditional  types  of  flap; 
the  plain  flap,  the  split  flap,  the  slotted  flap,  etc.  and,  in  addition, 
those  relatively  new  devices  that  employ  flow  singularities  either  to  improve 
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the  effectiveness  of  a  deflected  flap  or  to  influence  the  potential  flow 
directly.  Those  controls  which,  although  located  near  the  trai I i ng-edge, 
operate  primarily  as  boundary  layer  rather  than  circulation  controls  are 
discussed  in  the  section  covering  leading-edge  devices  (5.3), 

An  attempt  is  made  to  examine  the  flow  mechanisms  involved  with  each 
trai I ing-edge  device  so  that  its  operation  may  be  better  understood.  In 
addition,  so  far  as  is  possible,  summaries  of  the  performance  of  these 
devices  have  been  prepared  and  techniques  of  estimating  section  force 
and  moment  coefficients  have  been  suggested.  Only  two-dimensional 
characteristics  are  discussed  in  this  section,  smooth  profile  surface 
conditions  are  assumed,  and  compressibility  effects  have  been  assumed  to 
be  negligible.  These  two  assumptions  were  necessitated  by  the  data 
available  but  should  not  invalidate  the  applicability  of  the  information 
contained  hereinto  the  realistic,  full-scale  case,  particularly  if  use  of 
such  information  is  limited  to  preliminary  design  purposes. 

"Circulation"  may  be  obtained  in  several  ways,  perhaps  the  simplest 
form  of  circulation  being  the  "Magnus  effect"  created  by  a  spinning 
cylinder  or  sphere.  This  effect,  dependent  upon  viscosity  for  its  operation, 
is  demonstrated  in  Fig,  26.  The  smoke  lines  are  seen  to  increase  in  both 
upwash  and  downwash  when  the  cylinder  is  caused  to  rotate  rapidly  in  a 
clockwise  direction.  Such  a  streamline  pattern  is  indicative  of  a 
circulation  being  developed  and  generating  an  upward-directed  lifting 
force.  Circulation  is,  of  course,  applied  to  a  wing  profile  in  a  much 
different  manner.  From  potential  flow  considerations  it  becomes  obvious 
that  the  location  of  the  trai I ing-edge  stagnation  point  has  a  determining 
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effect  upon  the  lift  generation  of  a  profile.  Looked  af  m  its  simplest  terms, 
if  the  trai ling-edge  stagnation  point  can  be  located  in  such  a  way  that  the 
flow  path  from  the  forward  stagnation  point  over  the  upper  surface  is 
maximized  and  the  path  between  the  forward  and  trai I mg-edge  stagnation 
points  on  the  lower  surface  is  minimized,  the  largest  value  of  circulation 
(and  thus  the  largest  lift  increment  at  a  constant  angle  of  attack)  will 
be  obtained.  This  is,  in  effect,  what  is  attempted  by  giving  a  profile 
camber.  The  cambered  profile  has  circulation  control  with  respect  to  its 
symmetrical  counterpart  by  virtue  of  the  reorientation  caused  in  the  relative 
location  of  the  leading-edge  and  trai I i ng-edge  stagnation  points. 

Thin  airfoil  theory  demonstrates  that  any  given  degree  of  camber  will 
create  a  greater  circulation  lift  if  located  near  the  trai I ing-edge  rather 
than  the  profile  leading-edge.  This  would  indicate  that  the  use  of  a 
large  amount  of  camber  applied  to  the  trai I i ng-edge  of  the  profile  could  be 
very  useful  as  a  high-lift  circulation  mechanism,  the  one  major  problem 
being  the  poor  high  speed  characteristics  of  such  a  configuration.  The 
trai  I  ing-edge  flap  solves  this  problem,  being  a  camber  circulation 

control  located  at  the  trai I i ng-edge  where  it  can  be  most  effective. 

Of  the  almost  infinite  variety  of  trai I i ng-edge  flaps  which  have  been 
tested,  the  types  that  have  been  most  widely  used  are  the  plain  flap,  the 
split  flap,  the  single  slotted  flap,  of  which  the  Fowler  flap  is  a  special 
example,  and  the  double  slotted  flap.  These  flap  types  are  shown  in  Fig.  27 
while  Fig.  28  demonstrates  the  airflow  over  the  various  flapped  configurations 
at  a  constant  small  angle  of  attack.  Note  that  the  trai I ing-edge  flap, 
like  the  spinning  cylinder,  yields  a  marked  increase  in  upwash  as  compared 
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with  the  uncontrolled  profile.  This  (if  the  two  configurations  are  at  the 
same  angle  of  attack  as  is  the  case  here)  is  indicative  of  the  achievement 
of  lift  increase  through  increased  circulation. 

The  plain  and  split  flaps  can  be  seen  to  create  an  effective  stagnation 
area  behind  and  beneath  the  flap  hinge  but,  due  to  separation,  cannot,  at 
this  deflection  angle,  force  the  formation  of  a  stagnation  point  at 'the  flap 
trai I ing-edge.  As  this  amounts  to  a  loss  in  potential  circulation,  the  double 
slotted  and  double  flaps  were  devised.  Such  flaps  allow  higher-pressure 
lower  surface  air  to  bleed  onto  the  flap  upper  surface,  thus  energizing 
the  "dead"  air  in  the  flap's  boundary  layer,  delaying  separation,  and 
increasing  circulation  through  permitting  the  flap  to  more  closely  achieve 
potential  flow.  The  Flowler  flap  yields  additional  lift  benefits  through 
extending  the  chord  of  the  profile. 

Fig.  29  demonstrates  the  effect  of  the  several  flap  types  upon  the 
profile  lift  curve.  Note  that  the  gain  in  lift  occurs  as  a  shift  of  the 
entire  lift  curve  to  the  left.  This  is  a  characteristic  of  circulation 
control  as  opposed  to  boundary  layer  control.  However,  boundary  layer  control 
with  respect  to  the  flap,  as  occurs  with  the  slotted  types,  may  be  seen  to 
create  additional  circulation  control  with  respect  to  the  base  profile. 

Official  willingness  to  permit  increases  in  landing-strip  length  and 
carrier  size  as  well  as  catapult  and  arresting  gear  improvements  for  some 
time  enabled  such  trai 1 i ng~edge  devices  as  discussed  above  to  adequately 
contain  the  take-off  and  landing  problem  within  reasonable  bounds.  However, 
the  high  speed  aircraft  with  very  large  wing  loadings  developed  in  the  last 
several  years  has  forced  a  decision  between  the  provision  of  oven  greater 
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landing  and  take-off  room  or  the  utilization  of  more  powerful  aircraft- 
borne  controls.  The  latter  would  seem  for  several  obvious  reasons  to  be 
the  more  logical  approach. 

The  devices  already  discussed  have  circulation  lifts  which  are 
severely  limited  by  flow  separation,  the  turbulent  boundary  layer  being 
unable  to  remain  attached  because  of  the  severe  adverse  pressure  gradients 
encountered  along  the  deflected  flap's  upper  surface.  It  would  seem  feasible 
then  that,  if  this  separation  could  be  prevented  and  the  stagnation  point 
fixed  to  the  flap  trai I ing-edge,  potential  flow  could  be  approximated  and 
large  circulation  increases  could  be  achieved.  This  thinking  has  led,  in 
the  past  few  years,  to  fairly  intensive  studies  of  powered  flaps  —  flaps 
utilizing  blowing  or  suction  to  prevent  any  possible  flow  separation  over 
the  flap.  Such  research  has  indicated  that  the  use  of  power  will  not  only 
cause  lift  increases  through  energizing  the  flap's  boundary  layer  but  can 
achieve  further  increases  due  to  jet  reaction  or  effective  chord  extension. 
Additionally,  it  has  been  found  that  blowing  or  suction  at  the  trai I ing- 
edge  can,  if  properly  designed,  yield  large  lift  increments  even  in  the 
absence  of  a  flap.  Some  typical  powered  trai I i ng-edge  devices  are  shown 
in  Fig.  30. 

It  might  be  mentioned  that  there  are  two  parameters  which  are  generally 
used  to  relate  the  slot  (or  porous  area)  flow  characteristics  of  a  powered 
control  to  the  resultant  degree  of  boundary  layer  and/or  circulation  control 
provided;  assuming  of  course  a  fixed  profile  geometry,  angle  of  attack, 
location  and  alignment  of  powered  device,  and  free  stream  condition.  These 
parameters  are  the  "flow  quantity  coefficient",  Cq,  and  the  "flow  momentum 
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coefficient",  ,  used  in  the  cases  of  suction  and  blowing  respectively. 

Cq  is  a  non-dimensional  parameter  expressing  the  volume  flow  through 
the  control  slot  or  porous  area.  This  term  came  into  being  through  the 
original  theoretical  suction-slot  work  where  the  slot  was  replaced  by  a 
sink  with  strength  proportional  to  volume  flow.  When  the  suction  is 
operating  primarily  on  the  potential  flow  (as  could  be  the  case  with 
trai I ing-edge  suction,  for  instance),  Cq  has  been  found  to  be  a  unique  flow 
parameter.  Although  its  validity  is  not  so  clear  when  the  system  is 
operating  mainly  to  control  the  boundary  layer,  no  more  appropriate  parameter 
has  yet  been  derived.  The  flow  quantity  coefficient  may  be  defined: 


(3.2al) 


where:  Q  =  control  volume  flow  -  ft^/sec 

Vq  =  infinite  free  stream  vel.  -  ft/sec 
S  =  wing  area  -  ft2 


The  flow  momentum  coefficient,  ,  was  devised  after  theoretical 

and  experimental  work  had  revealed  that  a  term  based  on  volume  flow  alone 
was  not  suitable  for  the  directed  Jet  situation.  The  blowing -Jet  cannot 
be  simulated  by  a  source,  but  acts  rather  like  a  sink  distributed  along  a 
thin  membrane.  The  basis  for  the  parameter,  ,  is  the  thrust  of  the 

jet  at  the  slot.  Here  again,  it  is  found  that  where  the  operation  is 
primarily  that  of  altering  the  potential  flow  pattern  this  term  is  closely 
unique,  but  it  becomes  less  rigorous  where  boundary  layer  control  is  the 
major  effect,  (In  practice,  yields  good  correlation  for  trail  ing- 

edge  systems.  Its  value  for  use  with  leading-edge  systems  has,  however, 
not  yet  been  fully  established.)  is  defined  where  the  jet  thrust 
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the  duct.  Any  increases  in  suction  power  beyond  that  corresponding  fo  such 
an  occurance  would  be  expected  to  be  of  little  value.  The  blowing  parameter, 
,  however,  may  be  made  to  increase,  because  of  the  density  term,  even 
after  the  establishment  of  choked  conditions.  Expansion  slots  can  be  used 
to  permit  even  further  increases  in  understood  that 

unpublished  results  of  tests  at  these  very  high  C;.  ■  s  indicate  its 

continued  acceptability  as  a  definitive  parameter. 

The  selection  of  a  blowing  or  suction  system  of  course  depends  very 
much  on  the  requirements  of  the  specific  aircraft.  Disregarding  any  profile 
pressure  distribution  effects,  suction  at  the  trai I ing-edge  generally 
necessitates  smaller  pressure  ratios  to  create  the  same  lift  increment  as 
the  blowing  system,  which,  however,  can  be  designed,  through  the  use  of 
narrow  slots,  to  require  as  low  or  lower  mass  flows.  The  properties  of 
the  blowing  jet  indicate  that  such  a  system  is  necessary  to  acquire  very 
large  ji  's  without  the  extensive  use  of  flaps.  Losses  in  the 

blowing  slot  are  much  less  than  the  corresponding  losses  would  be  in  a 
suction  slot.  Further,  the  jet  engine  may  be  bled  in  a  rather  simple 
manner  to  provide  blowing  while  its  application  to  a  suction  system  is 
considerably  more  difficult.  Although  most  of  the  rather  over-generalized 
statements  above  would  seem  to  favor  the  use  of  blowing,  there  are 
certainly  many  configurations  for  which  suction  (or  combined  suction  and 
blowing)  might  be  the  preferable  system.  It  cannot  be  stressed  too 
strongly  that  the  selection  of  a  system  is  almost  completely  dependent  upon 
the  particular  application  --  the  performance  needs  of  the  aircraft, 
structural  considerations,  etc. 
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Generally  speaking,  the  trai I ing-edge  device  creates  lift  increases 
through  its  ability  to  provide  circulation  control.  Many  systems  also 
provide  an  element  of  boundary  layer  control  (with  respect  to  the  profile, 
the  flap,  or  both),  while  some  can  create  effective  or  geometrical  chord 
extension.  Additional  increments  can  be  obtained  with  blowing  systems 
through  jet  thrust  effects. 

It  was  shown  in  Section  3.1  that  a  completely  controlled  (B.L.C.) 

syinmetr ical  profile  had  a  limit  possible  Ci  of  6.28  at  an  angle  of 

'  max 

attack  of  90°,  This  was  determined  through  potential  flow  considerations. 

It  might  then  be  thought  that  such  a  profile  with  circulation  control, 
providing  no  chord  extension  or  jet  reaction  effects  but  yielding  sufficient 
boundary  layer  control  to  simulate  potential  flow,  would  be  limited  at 
90°  and  at  a  lift  coefficient  of  6.28  plus  the  value  of  the  circulation 
i ncrement  taken,  say,  at  oi  =0°.  Hazen,  in  reference  61c,  indicates 
that  this  would  not  be  the  case.  Electrolytic  plotting  tank  studies  of  a 
profile  with  various  split  flap  arrangements  show  an  inviscid  fall-off  in 
circulation  effect  as  angle  of  attack  is  increased  from  zero.  Fig.  31 
demonstrates  the  results  of  these  studies.  It  will  be  noted  that  maximum 
lift  becomes  constant  for  the  greater  values  of  circulation  control  at 
angles  of  attack  around  20°  and  at  a  lift  coefficient  of  around  7.0. 

Thus,  although  thin  airfoil  theory  appears  capable  of  accurately 
predicting  the  C|  at  o<  =  0°  for  profiles  with  a  given  circulation 

control  and  complete  boundary  layer  control,  the  maximum  possible  lift 
coefficient  attainable  with  extremely  large  values  of  circulation  will,  for 
such  a  system,  possibly  be  not  much  greater  than  the  6.28  given  for  the  base 
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aymnetr ical  profile.  Ajiain,  jet  reaction  and  chord  oxlens ion  ctlccl;:  can 
invalidate  this  estimate,  permitting  the  attainment  of  much  larger  maximum 
I  i  f  t  s . 

3.2b  effects  of  Circulation  Control  upon  Leadi nq-Edgo  Stall 

It  is  often  assumed  that  the  increase  in  profile  maximum  lift 
coefficient  due  to  the  addition  of  a  trai I ing-edge  circulation  control  is 
equal  to  the  increase  in  lift  at  zero  angle  of  attack.  This  assumption  is 
based  on  the  many  lift  curves  shown  in  texts,  most  of  which  indicate  a 
constant  stall  angle  independent  of  flap  deflection.  The  tesTing  and  use 
of  very  thin  airfoil  sections  and  controlled  flaps  in  recent  years  has 
shown  that,  although  it  is  valid  for  very  thick  profiles  with  standard  flap 
types,  such  an  assumption  can  be  highly  erroneous  for  these  more  modern 
systems. 

While  trai I i ng-edge  circulation  controls  can  be  used  to  advantage  in 
conjunction  with  thin  airfoils,  their  usefulness  is  often  severely  limited 
due  to  a  circu I  at  ion- induced  tendency  toward  premature  leading-edge  separation. 
Increased  circulation  means  an  increased  upwash  at  the  leading-edge  and  thus 
an  increased  "effective"  angle  of  attack.  As  occurrence  of  leading-edge 
separation  is,  for  a  given  Reynolds  Number,  a  function  of  effect i ve  angle  of 
attack,  it  is  obvious  that  such  separation  must  occur  at  an  earlier 
geometric  angle  the  greater  the  circulation.  This  effect  can  be  farther 
aggravated  in  the  three-dimensional  case,  some  configurations  achieving 
no  increases  in  maximum  lift  whatsoever  through  tfie  use  of  such  circulation 
controls.  Fig,  32A  demonstrates  a  typical  pattern  of  premature  stall 
on  a  thin  airfoil.  Note  that  leading-edge  stall  can  develop  beyond  a 
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certain  value  of  circulation  even  though  the  base  profile  stalls  from  the 
trai I ing-edge. 

A  lesser  known  phenomenon  is  that  sometimes  noticeable  with  the  powered 
form  of  trai I ing-edge  circulation  device.  It  appears  that,  if  the  suction 
or  blowing  is  of  sufficient  strength  and  in  such  a  location  that  a  portion 
of  the  profile  forward  of  the  hinge  line  may  be  effected,  not  only  is  the 
flap  controlled,  but  the  aft  portion  of  the  profile  as  well  is  given  a 
modicum  of  trai I ing-edge  boundary  layer  control.  Some  slotted  flap  data 
indicates  that  this  system  also  can  provide  trai I ing-edge  B.L.C.  with 
respect  to  the  profile  as  well  as  with  respect  to  the  flap.  The  general 
effect  of  such  a  phenomenon  is  to  extend  the  flapped  profile  lift  curve  to 
higher  angles  of  attack  than  that  for  the  base  uncontrolled  airfoil.  This 
extension  of  the  lift  curve  would  be  expected  to  be  of  greater  magnitude 
the  stronger  the  control  power.  An  example  of  such  a  situation  is  shown  in 
Fig.  32B,  where  the  profile  has  been  assumed  sufficiently  thick  that  there 
is  no  counter-effect  from  the  tendency  shown  in  Fig.  32A.  Although  there  is 
sufficient  available  data  to  verify  the  trends  attributed  here  to  the 
trai I ing-edge  boundary  layer  control  effect,  and  the  existence  of  such  an 
effect  seems  logical  in  a  manner  consistant  with  existing  experimental 
information,  not  enough  data  is  available  to  permit  any  attempts  to  predict 
its  effects  quantitatively, 

There  appear  to  be  five  possible  variations  in  which 

^^max 

can  take  place  with  increased  circulation:  (I)  For  the  very  thick  profile, 

itself  stalling  trai I i ng-edge  and  equipped  with  an  unpowered  circulation 

device,  OC  ^  may  be  assumed  to  be  invariant  with  circulation 
'max 
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control.  ^  Cl 


may 


thuis  be  estimated  to  be  closely  equal  to  A.  C, 


max 


(2)  If  the  base  profile  still  experiences  trai I ing-edge  stall  but  is 
somewhat  thinner,  the  applicaltion  of  circulation  control  can,  at  some 
circulation  value,  alter  stal|l  type  to  leading-edge,  the  angle  of  attack 
for  maximum  lift  decreasing  a|s  circulation  is  increased  beyond  this  value. 
There  can  here  be  expected  a  corresponding  fall-off  in  ACi  as 

1  P - - 


•max 


compared  with 


AC, 


.  (3)  Profiles  stalling  from  the  leading- 


oC  »  0 

edge  would  be  expected  to  stejll  at  a  lower  angle  of  attack  as  circulation 

is  increased  from  zero.  Again,  A  C,  will  be  less  than 
.  I  ' max 

Ac,  ,  Indications  are  that  stall  can  be  altered  from 

c<  =  0 

the  leading-edge  type  to  thejthin  airfoil  type  given  sufficient 
circulation.  Of  course,  the  [profile  normally  stalling  in  a  thin^airfoil 
manner  would  be  thought  to  stall  in  the  same  manner  given  circulation 
control.  Such  a  configuratiln  would  be  expected  to  show  the  same  general 
characteristics  with  increased  circulation  as  the  leading-edge  stalling 
configuration.  (4)  For  thejVery  thick,  trai I i ng-edge  stalling  profile 
equipped  with  a  circulation  control  capable  of  also  affecting  boundary 

rjiay  increase  with  increased  circulation 


layer  control,  ^  C 


max 


yielding  AC,  greatej-  than  the  corresponding  Ac, 


'max 


(5)  The  relatively  thick  profile  showing  a  trai I ing-edge  or  predominately 


trai  I ing-edge  stall  may  when 


equipped  with  a  powered  circulation  device 


yeild  an  Cx;  C,  variation  as  (2)  or  (4)  above  or  perhaps  as  a 
'max 

combination  of  the  two  depending  upon  the  profile  thickness  compared  with 
the  degree  of  circulation  and  boundary  layer  control. 
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As  is  the  case  with  the  base  profile,  a  profile  with  circulation 
control  need  not  stall  in  a  pure  leading-edge,  pure  trai I ing-edge,  or  pure 
thin-airfoil  manner  but  often  will  yield  separations  of  two  or  more  of 
these  types  prior  to  final  stall.  The  three  major  stall  types  are  shown 
in  Fig.  33.  These  are  much  like  the  comparable  stall  patterns  for  the 
base  profile,  although  the  thin  airfoil  stall  shows  a  tendency  to  "cut¬ 
back”  and  achieves  a  greater  A  Ci  than  does  a  configuration  of 

max 

equal  circulation  control  which  stalls  in  the  leading-edge  manner. 

Additionally,  trai I ing-edge  stall  often  seems  somewhat  sharper  than  would 

be  expected  with  the  base  profile,  apparently  due  to  the  rapid  unloading 

of  the  flap.  For  this  reason,  and  because  there  is  very  little  data  at 

high  thicknesses  for  flapped  profiles,  it  is  quite  difficult  to  correlate 

stall  type  with  the  shape  of  the  Ci  vs.  t/c  curve  as  was  done  with 

'max 

the  base  profile  in  Section  3.1. 

Fig.  34  shows  the  Ci  vs.  t/c  curve  for  a  base  profile  series 
'max 

and  the  same  profile  series  with  a  given  amount  of  circulation  control, 
such  as  a  given  flap  deflection.  Both  are  at  the  same  Reynolds  Number 
and  no  trai I i ng-edge  B.L.C.  is  present,  i.e,  the  circulation  comes  from 
an  unpowered  or  effectively  unpowered  trai I ing-edge  device.  Although, 
as  mentioned  above,  stall  type  variation  regarding  the  configuration 
provided  with  circulation  is  difficult  to  analyze,  available  information 
indicates  that  the  curve-shape  principles  shown  in  Section  3.1  for  the 
base  profile  should  apply  equally  to  the  profile  with  circulation,  it  is 
interesting  to  note  that  the  little  existing  data  available  at  high 
thicknesses  indicates  that  the  profile  with  circulation  stalls  in  a  "pure" 
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trai I ing-edge  manner  for  thicknesses  greater  than  that  defined  by  the  linear 

extrapolation  of  the  base  profile  pure  leading-edge  stall  region.  The 

reason  for  this  is  not  immediately  discernable  and  coincidence  possibly 

may  be  a  factor.  At  thicknesses  greater  than  that  defined  by  this  base 

profile  linear  extrapolation,  the  ^*^lrnax  trai  I  ing- 

edge  device  woulid  be  expected  to  be  equal  to-  AC|  ,  as  both 

base  profile  and  profile  with  circulation  have  a  "pure"  trai I i ng-edge 

stall  pattern.  For  lower  thicknesses,  leading-edge  separation  can  be 

present  at  stall  and  A  Ct  wi 1 1  be  less  than  A  Cr 

'max  '  ^^0 

As  thickness  is  constantly  decreased,  from  that  for  "pure"  trai I i ng-edge 

stall,  premature  trai I ing-edge  separation  will  be  encountered  (induced  by 

the  formation  of  a  leading-edge  bubble),  then  premature  leading-edge  stall 

(with  trai I ing-edge  separation  present  prior  to  final  stall),  "pure" 

leading-edge  stall,  and  finally  thin  airfoil  stall.  Correspondingly, 

Ac  I  is  seen  to  reduce  as  thickness  is  thus  I  y  decreased,  assume 

max 

a  rather  constant  comparatively  low  value,  and  then  increase  when  thin- 

airfoil  type  stall  is  initiated.  In  this  regime  of  increased  ACt  , 

'max 

a  profile  normally  stalling  in  a  leading-edge  manner  may  stall  th in¬ 
airfoil  when  circulation  has  been  applied. 

Fig.  35  shows  the  same  profile  and  profile  plus  trai 1 ing-edge 
circulation  control,  only  now  trai 1 1 ng-edge  B.L.C.  is  present.  As  shown 
in  Section  3.1,  trai I i ng-edge  B.L.C,  is  thought  to  be  limited  by  the  pure 
leading-edge  stall  extrapolation.  In  the  case  of  circulation  such  an 
extrapolation  should  be  made  from  the  leading-edge  stall  region  of  the 
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profile  plus  circulation  curve.  Of  course,  ideal  trai I ing-edge  B.L.C.  as 

defined  by  this  line  is  seldom  attained  and  a  given  value  of  Cp  or 

would  be  expected  to  cause  an  increase  in  Ci  initiating  at  a  thickness 

max 

corresponding  to  that  where  final  stall  involves  some  trai I i ng-edge 

separation,  this  increase  becoming  greater  in  magnitude  with  further 

increases  In  thickness.  As  can  be  seen  from  Fig.  35,  A  Ci  under 

'max 

such  conditions  may  be  greater  or  less  than  ACi  depending 

oi  -  0 

upon  the  profile  thickness,  amount  of  circulation  control,  and  degree  of 
trai I ing-edge  B.L.C.;  Reynol ds  Number  variations  and  variations  in  profile 
thickness  distribution  would  also  be  expected  to  be  most  important.  There 
should  be  no  effect  of  trai I ing-edge  B.L.C.  when  the  profile  with 
circulation  stalls  without  the  occurrence  of  trai I ing-edge  separation.  In 
the  thickness  range  effected  by  such  B.L.C.,  increases  in  control  power 
will  cause  stall  to  tend  more  toward  the  leading-edge  type,  constantly 
decreasing  the  effect  of  trai I ing-edge  separation. 

The  approximate  effect  of  circulation  control  upon  stall  type  is 
shown  in  Fig.  36.  This  plot  was  determined  empirically  from  a  rather  small 
amount  of  data  for  configurations  the  majority  of  which  involved  64  series 
profiles.  For  this  reason  these  curves  should  not  be  considered  rigorously 
applicable  to  the  general  case.  The  line  separating  the  leading-edge  and 
trai I i ng-edge  regions  closely  follows  the  linear  extrapolation  of  the  64 
series  base  profile  "pure"  leading-edge  stall  segment  but  only  "pure” 
trai I ing-edge  stall  appears  to  occur  to  the  right  of  this  line.  Linear 
extrapolation  concepts  would  indicate  that,  even  for  64  series  profiles, 
the  prediction  given  here  may  be  pessimistic,  the  line  shown  being  perhaps 
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at  too  low  a  slope,  porticularly  =t  high  cIrcuUtloe  values.  Also  it  would 
be  thought  thut  forward  cauiber  Increases,  Increases  in  Reynolds  Number 
beyond  9  w  10^  and  any  forward  movement  of  the  point  of  maximum  profile 
thickness  from  40<  would  Increase  the  slope  of  these  curves  somewhat  and 
iiK)ve  them  slightly  to  the  left. 

Fig.  37  is  based  upon  empirical  studies  and  predicts,  for  profjj^ 

variation  of 

for  profiles  of  the  64  series  at  a  Reynolds  Number 
of  approxima!elyVx'’lO^  Increment  In  maximum  lift  is  assumed  to  be  equal 
.Ac  at  values  of  circulation  (  Ac  )  show"  ^or 

I+Wl  l 


the  given  thickness  by  the  tra 1 1 1 ng-edge  stall  line  of  Fig.  36.  It  will 
be  noted  that  increased  circulation  will  cause  an  Increased  percentage  drop 
i„  Ac,  as  compared  with  A  C,  Decreased  thickness 

A  .c  vwixcan  Ar  .at  least  until  thin- 

wili  decrease  for  a  g  ^1^  =  0 

^airfolI  stall  is  encountered  (t/c  S  6*-9«  where  it  will  increase  to  a 
small  extent.  Increased  Reynolds  Number,  forward  camber,  or  the  moving 
forward  of  the  point  of  maximum  thickness  wl  1 1  increase  the  ^<=1^,0 

at  which  divergence  of  the  curvesfrom  the  A  -  4  C|  ^  ^ 

line  will  occur.  Such  variations  will  also  rotate  the  constant-thickness 
curves  somewhat  upward  from  their  indicated  positions.  Although  scattered 
experimental  data  shewed  violent  disagreement  with  this  plot,  by  far  the 
large  mass  of  data  fell  in  quite  well.  Independent  of  Reynolds  Number, 
profile  shape,  or  type  of  trai I Ing-edge  circulation. 
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The  assumption  that  A  C.  ,  or  anvDunt  of  circulation,  is  the 

=  0 

important  parameter  effecting  premature  leading-edge  separation  for  a 
configuration  of  given  thickness  seems  to  be  quite  valid.  Of  course, 
variations  in  flap  extent,  etc.,  do  change  the  pressure  distribution  for  a 
given  circulation  and  hence  alter  the  effect  of  circulation  on  stall  to 
some  degree,  but  such  secondary  effects  are  relatively  insignificant. 

Unfortunately,  it  appears  impossible  with  existing  data  to  predict 
any  correction  to  Fig.  37  for  configurations  which  have  the  added  advantage 
of  providing  trai I i ng-edge  B.L.C,  In  a  Reynolds  Number  range  of  3-9  x  10^ 
it  is  doubtful  that  trai I ing-edge  B.L.C.  can  provide  any  additional  lift 
benefits  for  profiles  of  thicknesses  beneath  the  order  of  12^.  Increased 
circulation  control,  if  arrived  at  because  of  increased  control  power, 
would  be  expected  to  provide  greater  and  greater  B.L.C.,  while  increased 
circulation  due  to  flap  deflection  would  probably  yield  a  B.L.C.  effect 
which  is  independent  of  circulation,  being  dependent  only  upon  control  power. 
As  stated  previously,  thicker  profiles  will  profit  more  from  a  given  quantity 
of  B.L.C.  (given  C^  or  Cq).  Fig.  38  demonstrates  the  probable  trends  of  a 
correction  term  to  Fig.  37  to  take  trai I ing-edge  B.L.C.  into  consideration. 
This  figure  is  strictly  schematic,  the  curves  shown  being,  for  purposes  of 
clarity,  on  a  greatly  amplified  vertical  scale  as  compared  with  those  of 
Fig.  37.  The  assumption  has  been  made  here  that  an  effect  of  increased 
circulation  is  to  increase  the  t/c  below  which  pure  leading-edge  separation 
initiates.  It  is  quite  possible,  however,  that  for  a  given  thickness  the 
effect  of  increased  B.L.C.  with  increased  circulation  could  far  outweigh  any 
pure  circulation  effects,  Reynolds  Number  would  also  certainly  be  important 
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here,  as  it  is  with  all  questions  concerning  stall  phenomena. 

It  must  be  remembered  that  this  discussion  has  to  this  point  been 

Mmiled  to  systems  with  circulation  control  and  possibly  B.L.C.  and  has  not 

touched  upon  systems  which  additionally  have  chord  extension  or  Jet  reaction 

effects.  Disregarding  the  inherent  slope  change,  chord  extension  would 

normally  act  as  a  circulation  control,  the  relationship  between  A  Ci 

'max 

and  A.  C|  being  closely  predictable  by  methods  described  above. 

c<  =  0 

In  the  case  of  Jet  reaction,  however,  an  Increment  to  ACi  is 

max 

achieved  which  Is  independent  of  circulation  control  as  such  and  is  a 
function  of  Jet  thrust  and  direction.  In  that  momentum  effeots  cannot 
alter  the  profile  pressure  distribution,  such  effects  cannot  contribute 
toward  circulation  or  premature  leading-edge  stall.  For  this  reason,  stall 
angle  may  be  said  to  be  completely  independent  of  Jet  reaction  so  long  as 
the  vertical  component  of  that  reaction  is  not  sufficiently  large  to 
maintain  lift  even  though  the  airflow  over  the  upper  surface  is  separated. 
5.2c  Trai I inq-Edqe  Suction 

The  first  of  the  lift-increasing  trai I ing-edge  devices  that 
will  be  examined  is  the  application  of  slot  suction  at  the  trai I ing-edge  of 
the  profile.  It  was  electe'd  to  investigate  this  relatively  new  flow  control 
system  before  the  more  familiar'  flaps  because,  by  its  use,  it  is  possible 
to  alter  the  lift  of  the  base  profile  without  changing  profile  geometry. 

The  major  portion  of  this  section  will  deal  with  what  might  be  called 
"standard"  trai I ing-edge  suction,  while  a  discussion  of  a  modification  to 
this  system,  the  so-called  "suction-vortex"  profile  or  wing,  has  also  been 
included.  Drawings  of  these  two  control  types  are  shown  in  Fig.  39. 
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A  typical  curve  demonstrating  the  increase  in  lift  created  through 
increasing  suction  quantity  for  a  profile  equipped  with  trai I ing-edge  suction 
i s  shown  in  Fig.  40, 

It  will  be  noted  that  this  curve  can  be  divided  into  three  portions  of 
characteristic  shape:  a  rapidly  rising  portion  as  suction  quantity  is 
increased  from  zero  (segment  A),  a  leveling-off  region  (B),  and  a 
comparatively  slow  rising  portion  in  the  higher  suction  quantify  regime  (C). 

Studies  conducted  at  Princeton  University  have  given  some  indication 
of  the  flow  mechanisms  which  create  such  a  characteristic  curve.  Fig.  41 
summarizes  the  flow  regimes  possible  with  the.  trai I i ng-edge  suction  system. 

The  first  rapid  rise  in  the  curve  of  Fig.  40  may  be  attributed  to  the 
effect  of  suction  reducing  the  "dead  water"  or  stagnant  region  existing 
behind  the  suction  slot  at  the  rear  of  the  profile.  This  stagnant  region 
may  be  expected  to  be  of  greater  extent,  and  hence  the  suction  quantity 
required  to  create  a  given  percentage  reduction  would  be  greater,  the 
thicker  the  profile,  the  higher  the  angle  of  attack,  or  the  more  blunt 
the  trai I ing-edge.  When  suction  quantity  is  increased  to  a  value  corresponding 
to  that  defining  the  very  uppermost  portion  of  this  segment  of  the  curve,  the 
stagnant  region  is  essentially  eliminated.  It  is  replaced  by  two  separate 
trai I ing-edge  stagnation  points,  a  true  stagnation  point  on  the  profile 
upper-surface  aft  of  the  suction  slot  and  the  usual  ideal  stagnation  point 
satisfying  the  Kutta  condition  at  the  profile  trai I Ing-edge.  Upper  surface 
air  divides  at  the  true  stagnation  point,  that  forward  of  this  point  being 
drawn  into  the  slot  and  that  aft  flowing  to  the  trai I ing-edge  in  the  usual 
manner.  The  lift  rise  shown  in  segment  "A"  may  be  attributed  to  the  increase 
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in  effective  camber  created  by  the  reduction  in  trai I ing-edge  turbulence  and 
the  establishment  of  the  upper-surfaco  stagnation  point,  these  effects 
causing  the  upper-surface  flow  field  to  bend  downward  as  compared  with  the 
profile  without  this  trai I ing-edge  control. 

Level-off  portion  "B"  appears  to  initiate  immediately  after  the  upper- 
surface  stagnation  point  has  stabilized.  Although  the  flow  here  is  difficult 
to  analyze,  this  condition  seems  to  be  reached  when  the  suction  quantity  is 
sufficient  to  draw  off  all  of  the  upper-surface  boundary  layer  air  but  very 
little  air  from  outside  that  boundary  layer.  Throughout  portion  B  the 
additional  suction  apparently  is  used  to  thin  this  upper  surface  boundary  layer 
through  increasing  its  energy.  There  is  seemingly  no  change  in  stagnation 
point  location,  the  lift  remaining  essentially  constant. 

Segment  "C"  initiates  when  the  upper-surface  boundary  layer  to  all 
intents  and  purposes  is  eliminated.  This  is  the  so-called  steady  state 
condition  where  the  lift  variation  is  in  accordance  with  potential  theory. 

This  theory  predicts  that  the  lift  increment  due  to  a  sink  located  on  the 
upper-surface  of  a  profile  is: 


Z  C  _  Cof-1 


(3.2cl) 


where,  as  shown  in  Fig,  42,  ^  is  the  angle  between  the  trai I i ng-edge 

(Kutta  condition)  stagnation  point  and  the  sink  when  the  profile  is  mapped 
conformally  to  a  circle  of  unit  radius.  It  will  be  noted  that  for  a  given 
configuration  this  portion  of  the  lift  curve  would  be  expected  to  be  linear. 
The  lift  rise  here  may  be  attributed  to  increased  suction  quantity 
(operating  now  on  the  upper-surface  potential  flow  field)  forcing  the 
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upper-surface  stagnation  point  further  aft  on  the  profile,  thus  creating 
greater  and  more  effective  camber. 

If  the  suction  quantity  is  increased  sufficiently,  this  steady  state 
condition  can  be  caused  to  break  down  either  by  producing  a  free-stream 
stagnation  point  at  the  rear  of  the  profile  or  by  inducing  a  separation  at 
the  airfoil's  leading-edge.  If  the  suction  quantity  is  great  enough  to 
move  the  upper-surface  stagnation  point  beyond  the  airfoil's  trai I ing-edge, 
air  from  the  profile's  lower  surface  will  be  drawn  into  the  slot.  This 
of  course  acts  to  spoil  the  circulation  and  causes  the  lift  increment  due  to 
suction  to  decrease.  The  drawing  of  air  from  both  the  upper  and  lower 
surfaces  creates  a  free-stream  stagnation  point  which,  although  unstable 
for  lower  suction  values,  can  seemingly  be  stabilized  with  large  amounts  of 
suction.  If  the  configuration  is  such  that  sufficient  circulation  (see 
Section  3.2b)  is  created  prior  to  the  formation  of  the  free-stream  stagnation 
point,  the  lift  will  be  limited  by  a  lift-decreasing  laminar  separation  from  the 
profile  leading-edge. 

Fig.  43  demonstrates  a  series  of  pressure  distributions  obtained  from  an 
NACA  23015  profile  modified  as  shown  in  Fig.  39a.  As  suction  is  initiated 
and  flow  quantities  are  still  rather  small,  the  major  pressure  distribution 
changes  occur  in  the  immediate  neighborhood  of  the  suction  slot  and  the 
rear  of  the- profile.  This  is  rather  typical  of  the  effect  of  a  boundary 
layer  control  and  shows  this  relatively  low  suction  quantity  to  be  below 
that  where  potential  flow  is  approximated,,  It  is  interesting  to  note  that, 
for  profiles  with  radically  curved  upper-surfaces, B.L.C.  can  cause  what 
is  in  effect  a  circulation  control,  especially  if  the  curvature  and  B.L.C. 
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are  located  well  aft.  Once  the  separated  area  about  the  tral I ing-edge  slot 
has  been  completely  renvoved  by  suction,  the  change  in  circulation  results 
from  non-viscous  considerations.  Here,  rather  than  achieving  simply  a 
local  distribution  change,  the  pressure  distribution  about  the  entire  profile, 
including  the  leading-edge  pressure  peak,  undergoes  modification. 

Fig.  44  illustrates  some  typical  force  and  moment  data  obtained  with  an 
NACA  23015  airfoil  utilizing  a  trai 1 ing-edge  suction  slot  (Fig.  and 
Ref.  36).  It  will  be  seen  that  the  largest  lift  increments  at  low  and 
moderate  angles  of  attack  occur  in  the  range  of  suction  flow  coefficients 
below  approximately  .01.  This  is  the  range,  for  this  configuration  at 
least,  in  which  the  lift  increment  is  due  primarily  to  the  effec'  of  suction 
on  the  stagnation  region  and  the  boundary  layer.  As  indicated  by  the  curves, 
this  lift  gain  is  not  constant  with  angle  of  attack,  but  decreases  as  the 
boundary  layer  thickens  with  increased  angle,  thereby  causing  the  profile 
to  display  a  considerable  reduction  in  lift  curve  slope.  Above  this  Cq 
value,  the  lift  Increment  for  a  given  suction  quantity  becomes  independent 
of  angle  of  attack,  indicating  that  the  lift  increase  throughout  the  angle 
of  attack  range  is  due  primarily  to  the  effect  of  suction  on  the  potential 
flow. 

Profile  drag  is  sharply  reduced  with  increases  of  suction  up  to  a  suction 
coefficient  of  slightly  greater  than  .01,  at  which  point  it  has  nearly  vanished. 
The  initial  reduction  of  profile  drag  is  caused  by  the  action  of  suction  in 
reducing  the  extent  of  the  stagnant  region.  As  suction  is  increased,  the  profile 
drag  will  diminish  and  the  drag  curve  may  be  expected  to  remain  relatively 
level  to  greater  angles  of  attack.  When  the  suction  quantity  is  sufficient  to 
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eliminate  the  stagnant  region,  the  drag  will  become  essentially  independent 
of  further  increases  in  suction  quantity  and  closely  independent  of  angle  of 
attack  until  stall.  It  is  at  this  Cg  value  that  the  profile  drag  is  made  up 
almost  entirely  of  friction  drag.  Only  when  potential  flow  is  achieved  will 
there  be  no  profile  drag  rise  prior  to  stall.  Note  that  the  unusually 
high  no-suction  drag  shown  in  Fig.  44  can  be  attributed  to  the  rather  blunt 
trai I i ng-edge  of  the  profile  used  for  these'  studies. 

It  must  be  pointed  out  that,  with  such  a  system,  the  total  two- 
dimensional  drag  is  made  up  not  only  of  the  profile  drag  discussed  above  but 
also  must  contain  a  term  indicative  of  the  momentum  drag.  This  drag  is 
caused  by  the  jet  of  air  rushing  through  the  slot  in  a  forward  direction 
and  can  be  evaluated  as: 


—  AM  -  pQcOi  -  <^QcOa 

(assuming  zero  velocity  in  the  chordwise  direction  within  the  wing) 
The  momentum  drag  coefficient  may  then  be  expressed: 


(3.2c2) 
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^  2C-C 


(3.2c3) 


The  total  two-dimensional  drag  for  such  a  system  is  thus: 


(3.2c4) 

The  necessary  addition  of  momentum  drag  causes  total  two-dimensional  drag 
to  generally  increase  with  increased  Cq.  For  this  reason,  trai I i ng-edge 
suction  as  discussed  here  should  not  be  considered  for  use  as  a  low-drag 
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system.  Of  course,  if  the  suction  is  turned  again  and  ejected  downstream 
the  momentum  drag  term  can  be  made  to  closely  vanish,  its  level  depending 
upon  the  internal  friction  within  the  system. 

Increased  suction  creates  increasingly  negative  (nose  down)  pitching 
moments  as  is  generally  the  case  with  trai I ing-edge  devices.  The 
pitching  moment  characteristics  are  considerably  more  erratic  in  the  low 
suction  range,  C^Cfv\  ^  becoming  unstable  for  low  suction 

quantities  and  then  strongly  stable  as  suction  is  increased.  This  again 
is  an  indication  of  the  change  in  the  action  of  the  suction  from  primarily 
affecting  the  boundary  layer  to  influencing  the  potential  flow. 

Equation  3.2cl  is  indicative  of  the  very  important  fact  that  the  closer 
the  suction  slot  is  to  the  trai I ing-edge  the  greater  should  be  the 
potential -flow  lift  increment  due  to  a  given  suction  quantity.  This  trend  is 
limited,  however,  by  the  occurrence  of  the  free  stream  stagnation  point 
with  resultant  flow  around  the  trai I ing-edge  from  the  lower  surface.  The 
point  at  which  this  is  apt  to  happen  is  a  function  of  the  angle  of  attack, 
suction  quantity,  and  slot  location  itself  and  hence  it  is  extremely 
difficult  to  find  any  one  optimum  slot  location.  Certainly,  a  profile 
with  a  slot  exactly  at  the  trai I i ng-edge  would  not  be  expected  to  increase 
lift  in  the  potential  flow  regime. 

The  trai I ing-edge  suction  system  using  a  blunt  trai I ing-edge  profile 
with  overhanging  lower  lip  (Fig.  39a)  would  exhibit  closely  the  same  slope 
characteristics  in  the  potential  flow  range  of  suction  quantities  as  a 
more  standard  profile  with  a  suction  slot  cut  in  its  upper  surface  at  the 
same  location.  There  could  well  be  differences,  however,  between  these 
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two  trai I  ing-edge  configurations  in  the  lower  Cq  range  and  in  order  of 
magnitude  in  the  potential  flow  regime.  The  sharp  trai I ing-edge  profile 
(of  little  or  no  physical  camber)  would  probably  achieve  closely  potential 
flow  at  a  lower  Cq  than  would  be  the  case  with  a  profile  such  as  shown  in 
Fig.  39a.  However,  potential  flow  will  be  attained  at  a  low  lift  level 
as  compared  with  the  airfoil  with  radical  upper-surface  trai I ing-edge 
camber  (Fig.  39a).  Thus,  the  slope  predicted  by  equation  3.2cl,  although 
being  identical  for  profiles  with  the  same  slot  location,  will  initiate 
at  a  lower  AC|  ,  so  that  the  AC|  achieved  even  in  the 
theoretical  segment  of  the  curve  would  be  expected  to  be  lower  for 
profiles  with  less  curvature  at  the  rear  portion  of  the  upper  surface. 
Unfortunately,  existing  knowledge  of  boundary  layers  aft  of  sharp 
curvatures  is  quite  limited,  and  there  is  currently  no  possible  means  of 
predicting  the  effects  of  trai I ing-edge  configuration, changes  on  the  lift 
attainable  in  the  low  suction  quantity  (B.L.C.)  regime  and,  because  of 
this,  it  is  impossible  at  the  present  to  accurately  predict  AC|  in 
the  potential  flow  regime.  Because  of  the  B.L.C.  effect  in  the  low  Cq 
regime,  effects  of  Reynolds  Number  and  profile  thickness  may  well  determine 
the  Cq  necessary  for  potential  flow. 

In  the  potential  flow  range  of  Cq's,  trai I i ng-edge  shape,  Reynolds 
Number,  and  prof i le  thickness  can  be  expected  to  be  of  negligible 
importance.  It  thus  would  seem  that  equation  3.2cl  could  be  used  to 
predict  the  slope  of  the  AC|  vs.  Cq  curve  for  any  profile  wifh  any 
suction  quantity  in  this  regime.  Tests  indicate  that  for  suction  quantity 
coefficients  in  excess  of  approximately  .01  -  .015  the  flow  will  normally 
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satisfy  this  equation  regardless  of  Irai I ing-edge  shape  so  long  as  that 
suction  is  well  aft().90^c).  The  equation  can  break  down  once  flow 
proceeds  into  the  slot  from  the  lower  surface.  It  appears  that  this 
condition  can  occur  at  Cp's  as  low  as  .02  for  a  slot  located  a'*^  98.5,fc 
but  will  not  occur  until  Cq  ^  .06  for  slots  at  95^c.  Thus  bringing 
the  slot  closer  to  the  trai I ing-edge,  while  increasing  the  /iCj  for 
a  given  Cq,  will  reduce  the  optimum  Cg,  The  sharper  the  trai i ing-edge 
the  less  will  be  the  opportunity  to  prematurely  affect  the  lower  surface 
air  and  hence  the  higher  will  be  the  optimum  Cg. 

Although  the  increment  of  lift  coefficient  to  be  expected  from 
influencing  the  potential  field  can  be  expressed  by  the  simple  relation 

ACj2.  =  ZCc^Cot-—  (3.2cl) 


it  is  no  simple  matter  to  determine  the  proper  value  of  p  to  be  employed 

for  a  slot  located  at  a  given  point  on  a  given  profile.  Ringleb  (Ref.  37) 

has  developed  a  technique  for  making  this  computation,  but  it  Is  felt  to  be 

too  cumbersome  for  practical  usage.  Further,  as  mentioned  previously,  the 

B.L.C.  segment  of  the  AC|  vs.  Cg  curve  is  almost  impossible  to 

predict  for  a  given  trai I i ng-edge  shape  and,  because  this  portion  of  the 

curve  determines  the  lift  level  of  the  potential  flow  segment,  the  A  Cj 

at  any  Cg  is,  at  the  present  state  of  the  art,  quite  unpredictable. 

AC/. 


Fig.  45  shows  an  empirical  curve  of 


C, 


vs.  slot  location,  a/c. 


which  has  been  determined  from  the  Princeton  data,  some  work  of  Regenscheit's, 
and  some  unpublished  N.A.C.A.  data.  This  curve  is  felt  to  define  this 
effect  (both  in  the  B.L.C.  and  potential  flow  regime^  as  accurately  as  is 
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possible  at  present.  Needle-js  lo  say,  for  lhe  reasons  above,  this  accuracy 
is  highly  I imited. 

On  the  basis  of  the  aforementioned  data,  the  technique  of  estimating 
the  C|-  (at  any  cX  prior  to  stall)  yielded  by  trai  I  ing-edge 

suction  may  be  reduced  to  the  following  steps: 

1.  From  the  lift  characteristics  of  the  basic  profile  obtain  the  slope 
of  the  I i ft  curve, 

2.  From  Fig.  45  determine  the  appropriate  value  of  AC|/Cq  for 
the  a/c  employed.  (There  is  no  data  available  for  values  of  a/c 
over  .99). 

3.  Multiply  AC|/Cq  by  the  selected  design  Cq .determ i ned  on 

the  basis  of  pumping  power  available.  (Remember  that  induction  of 
lower  surface  air  can  spoil  lift  if  Cq  is  not  compatible  with  a/c.j 
Cq  =  .06  is  considered  to  be  about  maximum  with  a  trai I ing-edge 
suction  slot.  If  a/c  is  as  large  as  99^,  Cq  =  ^.02  will  probably 


cause  spo 


i  I  ing._) 


4.  The  new  lift  curve  can  now  be  obtained  by  plotting  at  each  value 


of  cy,-  ,  the  quantity  C|^  +  \~c^  where 

Ct  is  the  value  of  the  lift  coefficient  of  the  basic  profile  at 
b 

that  angle  of  attack. 

Little  can  be  said  regarding  the  stall  characteristics  of  such  a 
configuration  as  it  provides  trai I ing-edge  boundary  layer  control  in 
conjunction  with  circulation  control.  Because  of  this,  stall  characteristics 
will  vary  not  only  with  profile  thickness,  degree  of  circulation  and 
thickness  distribution  but  with  Reynolds  Number  and  trai I ing-edge  shape. 
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For  thin  profiles,  should  be  lo.er  then  AC, 

while  tor  thick  profiles,  AC,  may  be  larger  than  AC,  ^ 

section  3.2b  discusses  the  trends  of  interest  concerning  stall  character , st ,cs 
as  affected  by  frai I ing-edge  circulation  controls  and  ma,  provide 
sufficiently  accurate  data  to  permit  a  quantitative  estimate  of  the  stall 

characteristics  of  the  design  in  question. 

NO  simple  method  can  be  developed  to  predict  the  reduction  of  profile 
drag  due  to  tral I ing-edge  suction  but  experimental  evidence  suggests  that 
a  very  rough  estimate  can  be  obtained  by  use.of  Fig.  46.  The  results 
presented  by  this  graph  neglect  variations  In  slot  shape  and  location,  as 
well  as  angle  of  attack  variation.  It  must  be  remembered  that  total 
two-dimensional  drag  is  equal  to  profile  drag  plus  momentum  drag  as  shown 
in  equation  5.2c4.  The  use  of  Fig.  46  for  the  determination  of  the  profile 
drag  term  is  suggested,  in  vie.  of  the  variables  above  which  have  been 
neglected,  only  because  It  is  anticipated  that  the  momentum  drag  term  will 
generally  be  much  greater  in  magnitude.  Further,  in  actual  application, 
the  induced  drag  should  be  of  more  interest  than  profile  drag  in  the  range 

of  lift  coefficients  under  consideration. 

The  available  pitching  moment  data  Is  very  meager  and  confusing. 

However,  in  order  toallow  the  designer  to  make  some  estimate  of  the  amount 
of  control  required  for  trim,  fig.  47  has  been  prepared  from  cross  plots 
of  the  available  information.  The  results  obtained  in  the  region  below 
c.  =  .01  were  so  ematic  that  only  the  definite  trend  of  Increasing  nose- 
down  moment  could  be  established  and,  as  a  result.  Fig. 47  is  not  extended 

to  these  suction  values. 
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One  modification  of  trai I ing-edge  suction  that  deserves  some  comment, 
although  it  shall  probably  never  be  employed  in  the  form  in  which  it  was 
first  developed,  is  the  use  of  a  snow  cornice-like  shape  in  which  the 
application  of  suction  generates  and  stabilizes  a  captive  vortex.  This  effect 
was  first  discovered  on  a  small  model  investigated  during  the  course  of 
trai I ing-edge  suction  experiments  being  conducted  in  the  Princeton  University 
Subsonic  Aerodynamics  Laboratory.  No  extensive  experimental  program  has  been 
conducted  and  mention  is  made  of  the  system  only  because  it  represents  an 
interesting  variation  of  the  basic  trai I ing-edge  suction  configuration. 

Fig.  39b  shows  the  profile  that  was  investigated.  The  pressure 
distributions  for  CXL.  =-l .6°  are  shown  in  Fig.  48.  Without  suction,  it 
can  be  seen  that  the  entire  after  portion  of  the  profile  back  of  the 
cornice-like  shape  is  separated  and  demonstrates  the  usual  almost  constant 
pressure.  The  application  of  suction  rather  drastically  changes  the 
situation  affecting  the  circulation  over  the  entire  profile  and  particularly 
within  the  cornice  or,  as  it  has  become  known,  "the  cusp".  Several  things 
are  worthy  of  note.  The  first  is  the  reduction  of  pressure  within  the  cusp 
demonstrating  the  presence  of  a  weak  vortex.  It  will  be  noted  that 
directly  downstream  of  this  point  a  stagnation  point  is  indicated.  This 
was  not  measured  by  the  pressure  taps,  but  was  indicated  by  tufts.  The 
very  high  peak  of  low  pressure  aft  of  this  point  was  measured  at  the  lip 
of  the  suction  slot.  One  other  note-worthy  effect  is  demonstrated  by 
the  pressure  taps  at  the  trai I ing-edge  indicating  the  presence  of 
considerable  flow  about  the  sharp  trai I ing-edge  into  the  suction  slot. 
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Increases  of  suction  up  to  a  value  of  Cg  of  approximately  .025 
demonstrate  a  slowly  con+inuing  increase  in  circulation  and  in  the  strength 
of  the  trapped  vortex.  Throughout  this  phase  the  quantity  of  flow  around 
the  trai 1 ing-edge  steadily  increases.  With  suction  values  greater  than 
this,  the  change  of  circulation  is  greatly  accelerated  and  the  strength  of 
the  trapped  vortex  increases  rapidly.  It  is  interesting  that  the  flow 
about  the  trai I ing-edge  almost  totally  ceases  as  the  trapped  vortex 
strength  is  further  allowed  to  Increase. 

A  plot  of  the  lift  coefficient  vs.  suction  quantity  for  this  profile 
is  given  in  Fig.  49.  The  abrupt  increase  in  lift  is  evident  as  is  the 
leveling  out  of  the  curve  above  values  of  Cg  =  ,05. 

The  particular  profile  investigated  in  these  tests  demonstrated 
decreasing  values  of  maximum  lift  when  the  angle  of  attack  was  increased 
to  values  much  greater  i’han  2°  owing  to  a  iead ing-edge  separation.  As  will 
be  seen  in  a  later  section,  practical  application  of  this  device  has  been 
made  to  a  suction  flap  system. 

5. 2d  Trai I inq-Edqe  Blowinq 

Another  device  which  can  yield  substantial  changes  in  the 
lift  coefficient  of  a  profile  without  in  any  major  way  altering  the  profile 
geometry  involves  the  use  of  a  blowing  Jet  at  the  trai  I ing-edge.  As 
currently  conceived,  this  device  employs  relatively  large  quantities  of 
fluid  in  the  Jet  compared  with  more  familiar  trai I ing-edge  systems. 

Since  a  large  percentage  of  the  lifting  force  of  such  a  control  is  derived 
from  the  momentum  of  the  Jet,  the  "Jet  flap",  as  it  is  sometimes  called, 
must  be  evaluated  with  an  eye  to  the  combination  of  its  lifting  and 
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propulsive  merits.  The  jet  flap  is  a  relatively  new  device  of  some 
potentiality  and  is  currently  being  studied  by  a  large  number  of  investigators. 
This  device  is  worthy  of  such  study  not  only  by  virtue  of  its  apparent  merits 
as  a  thrusting  and  high-lift  control  system  but  also  because  it  provides 
an  interesting  example  of  the  action  of  a  blowing  jet  which,  when  used  in 
combination  with  a  deflected  flap,  comprises  a  circulation  control  system 
of  already  major  importance. 

Probably  the  most  significant  development  in  the  aircraft  field  in  the 
last  ten  years  has  been  the  rapid  progress  made  in  the  design  and 
application  of  the  turbo-jet  engine.  Comparatively  speaking,  a  small,  compact, 
and  light  device,  it  has  supplied  to  aircraft  the  power  to  achieve 
supersonic  speeds  and  extremely  high  altitudes.  However,  as  is  well  known, 
its  relatively  constant  thrust  is  undesirable  at  iow  speeds  and  its 
efficiency  during  the  take-off  maneuver  suffers  in  comparison  with  the 
high  thrust  producing  capabilities  of  the  "constant  horsepower" 
reciprocating  engine-propeller  combination.  Due  to  the  jet  aircraft's 
inherently  clean  design  and  the  lack,  as  yet,  of  any  suitable  thrust 
reversing  mechanism  to  correspond  to  reverse  pitch  propellers,  its  landing 
characteristics  suffer  as  well.  Thus  means  have  been  sought  to  employ  the 
available  jet  thrust  more  efficiently  at  the  low  speeds  associated  with 
I anding  and  take-off. 

The  most  obvious  way  of  using  this  jet  thrust  for  assisting  lift  is 
to  direct  it  immediately  downward  to  utilize  its  momentum  as  a  direct 
lifting  force.  Indeed  several  current  aircraft,  with  configurations 
permitting  high  angle  of  attack'  take-off,  do  this  to  a  certain  extent. 
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(t  has  been  found,  however,  that,  if  the  jet  is  ducted  into  a  wing  and 
ejected  in  a  sheet  downward  along  the  span  from  the  trai  I Ing-edge,  it  can 
induce  a  lift  force  which,  even  at  low  forward  velocities,  is  well  above  the 
vertical  jet  momentum  component.  The  capabilities  of  such  an  arrangement, 
considered  two-d imensional I y,  will  be  the  subject  of  this  section  of  the 
report.  As  most  of  the  test  data  available  is  for  the  case  with  no  heat 
addition,  only  that  simplified  case  will  be  considered  here.  Certainly, 
the  expelling  of  high-pressure  but  unburnt  gases  constitutes  a  very 
effective  control  in  its  own  right. 

A  trai I ing-edge  blowing  jet  directed  at  some  angle  downward  from  the 
profile  chord  I ine  may  be  expected  to  increase  the  lift  of  that  profile 
through  (I)  the  vertical  component  of  the  jet  reaction  and  (2)  the 
increased  circulation  created  by  the  jet.  The  latter  effect  arises  from 
two  phenomena  characteristic  of  the  blowing  jet.  These  are  "jet  entrainment" 
and  the  "chord  extension"  effecf.  It  has  been  found  that  a  blowing  jet 
located  in  a  moving  or  still  free  stream  will  induce  such  free  stream  air 
and  entrain  it.  Fig.  50  demonstrates  this  effect.  It  can  be  seen  that 
the  blowing  jet  being  emitted  from  the  trai I ing-edge  of  the  two- 
dimensional  blunt  body  is  pulling  in  the  free  stream  smoke  lines  causing 
an  effective  stream  tube  contraction  and  eliminating  any  separation  aft 
of  the  body.  As  is  demonstrated  through  comparing  Figs.  50a  and  50b, 
increases  in  jet  velocity  cause  this  effect  to  become  more  noticeable. 

Thus  the  jet  acts  much  like  a  distributed  sink  and  as  such  serves  to 
energize  not  only  boundary  layer  air  but  also  that  from  the  free  stream,'  It 
is  of  some  interest  to  note  that  entrainment  does  not  arise  by  virtue 
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of  any  low  pressure  within  the  jet  but  is  caused  simply  by  a  mixing  process. 
Tests  run  at  Princeton  University  appear  to  indicate  that  no  entrainment  is 
possible  where  the  jet  boundary  is  in  a  laminar  state.  A  jet,  however,  can 
apparently  only  be  in  such  a  state  for  a  very  short  distance  after  it  leaves 
the  ejecting  nozzle. 

If  the  jet  were  now  initially  directed  at  same  angle  to  the  free 
stream,  it  is  only  logical  that  it  must  bend  along  its  length  and 
eventually  become  parallel  to  that  free  stream.  The  necessary  curvature  of 
a  jet  directed  at  an  angle  to  the  free  stream  creates  what  has  become 
known  as  the  "chord  extension"  effect.  This  curvature,  of  course,  creates 
a  centrifugal  force  and,  as  such  curvature  occurs  in  the  steady  state 
condition,  there  must  be  some  balancing  force.  Analytical  studies  have 
indicated  that  the  balancing  force  is  a  pressure  discontinuity  across  the 
jet  and  supported  by  the  jet.  Seemingly  then,  there  Is  a  necessary 
coexistence  between  jet  curvature  and  pressure  discontinuity  across  the  jet. 
In  that  the  jet  thus  acts  as  a  fluid  membrane  supporting  a  pressure 
discontinuity,  the  end  effect  may  be  thought  of  as  that  of  extending  the 
base  profile  chord,  creating  an  effective  stagnation  point  aft  and  below 
the  profile  trai  I ing-edge.  It  should  be  remembered  that  there  is  no  such 
thing  as  a  definite  or  true  trai I ing-edge  stagnation  point  with  such  a 
system,  the  profile  simply  acting  as  if  such  a  stagnation  point  had  been 
relocated. 

Fig.  51  shows  a  profile  at  zero  angle  of  attack  with  and  without 
blowing.  The  jet  is  directed  from  the  model  trai I ing-edge  parallel  to 
the  profile  chord  line  and  hence  parallel  to  the  free  stream.  As  this 
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ib  the  case,  there  is  nothing  ro  force  a  bend  in  the  jet  and  if  would  be 
expected  that  no  lift  increase  could  be  achieved  through  chord  extension. 
The  smoke  photos  verify  this,  the  ^reaml ines  maintaining  the  same 
orientation  with  the  profile  both  with  and  without  blowing. 

The  same  configuration  has  been  brought  to  an  angle  of  attack  of  4° 
in  Fig.  52.  Her<-,  the  Jet  is  at  a  small  angle  to  the  free  stream. 
Streamline  analysis  of  these  photographs  reveals  that  the  blowing  Jet  has 
increased  the  lift  on  the  profile  to  a  greater  degree  than  could  be 
attributable  to  angle  of  attack  effects.  This  lift  gain  is,  of  course, 
small  as  the  angle  of  attack  is  still  quite  small.  As  angle  of  attack 
is  increased,  it  would  be  expected  that  lift  increase  due  to  the  Jet 
effects  would  be  correspondingly  greater. 

Fig.  53  shows  the  model  at  zero  angle  of  attack  but  with  the  Jet  at 
several  deflection  settings.  It  might  be  mentioned  that  although  the 
photographs  make  the  profile  appear  to  have  a  sharp  trai I ing-edge  it  is 
actually  somewhat  rounded  and  the  blowing  slot  is  located  very  close  to 
the  trai I ing-edge.  Note  the  streamline  indication  of  greatly  increased 
lift  with  increased  Jet  deflection.  Fig.  54  shows  the  same  effect  at  a 
higher  angle  of  attack.  As  smoke  lines  cannot  be  affected  by  momentum 
considerations,  the  lift  increase  shown  must  be  attributed  to  increased 
circulation.  The  tra i I ing-edge  Jet  with  an  initial  deflection  to  the 
chord  line  has  become  known  as  the  "jet  flap"  for,  indeed,  through  its 
chord  extension  abilities,  it  yields  results  which  can  be  closely 
simulated  by  a  tra i I ing-edge  flap  of  finite  length  and  at  the  same 
deflection  angle. 
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Dividing  the  circulation  effects  of  the  "jet  flap"into  its  chord 
extension  and  Jet  entrainment  elements  might  be  academically  desirable, 
but  seems  impossible.  Variation  oi  lift  with  jet  deflection  and  with 
angle  of  attack  at  zero  deflection  indicate  that  the  majority  of  the 
circulation  lift  created  through  trail ing-edge  blowing  would  be  impossible 
if  there  were  no  such  thing  as  chord  extension.  Were  there  no  such  effect, 
jet  entrainment  could  possibly,  under  certain  conditions,  cause  circulation 
I ift  increases  but  not  of  the  type  and  magnitude  characteristic  of  the  jet 
flap.  Jet  entrainment  can  exist  without  chord  extension,  as  is  the  case 
in  Fig.  50,  and  presumably  chord  extension  could,  in  the  absence  of 
viscosity,  do  its  job  without  jet  entrainment.  However,  in  the  practical 
case,  the  jet  entrainment  phenomena  would  seem  a  necessity  at  any  time 
that  the  profile  or  jet  are  at  sufficient  angle  to  the  free  stream  to 
induce  a  tendency  toward  separation  above  and  aft  of  the  jet.  It  is 
speculated  that  separation  would  spoil  the  balance  between  the  pressure 
discontinuity  across  the  jet  and  the  jet  curvature,  causing  the  jet  to 
straighten  out  and  the  chord-extension  effect  to  be  at  least  severely 
diminished.  Blowing  studies  (not  on  the  jet  flap)  conducted  by  the 
Subsonic  Aerodynamics  Laboratory  have  revealed  the  apparent  attraction 
a  separation  region  has  for  a  blowing  jet.  As  might  be  expected,  such 
a  situation  often  leads  to  oscillating  of  the  jet  between  its  original 
position  and  the  now  off-again  on-again  separation  region. 

Thus  it  would  seem  possible  to  say  that  the  chord  extension  effect 
is  the  major  cause  of  the  circulation  lift  increase  attained  through  use 
of  the  jet  flap.  The  ability  of  the  jet  to  entrain  outside  air,  however, 
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crojteb  a  boundary  iayc-r-  control  t.-ffcct  which  permits  the  chord  extension 
phenomena  to  exist  even  at  high  jet  deflections. 

Based  upon  the  foregoing  discussion,  it  would  appear  that  logical 
parameters  to  be  used  in  the  development  of  an  equation  for  the  lift 
increment  created  by  tra; 1 ing-edge  blowing  would  be  the  jet  momentum  and 
direction.  As  the  ultimate  result  created  through  chord  extension  seems  to 
depend  upon  jet  angle  with  the  free  stream  (  cx.  +  Q'  )>  this  will  be 
considered  the  deflection  angle  of  importance.  The  blowing  jet  cannot  be 
represented  by  a  source  for  reasons  of  its  directionality.  Thus  there  is 
no  basis  for  the  use  of  the  flow  quantity  coefficient,  Cp,  as  the  major 
strength  parameter  influencing  circulation.  Experience  and  theory  has 
shown  that  the  blowing  jet's  aerodynamic  properties  are  better  related  to 
the  flow  momentum  coefficient,  ,  For  this  reason  it  is  almost 

invariably  used  as  an  expression  relating  the  energy  of  a  jet  to  the 
resultant  change  in  circulation  about  a  profile.  It  will  be  noted  that; 

(1)  cx  =  profile  angle  of  attack 

(2)  B  =  initial  (immediately  after  the  slot)  jet  orientation  with  the 

prof i le  chord  I ine 

(3) (o(;4 &')=  initial  jet  orientation  with  the  free  stream 

Jet  thrust  at  slot 

where;  oi  =  m.ass  flow  through  slot  -  Ib/sec 

Vj  =  jet  velocity  at  the  slot 
Vq  =  free  stream  velocity 
S  =  wing  area 

g  =  gravitational  constant 

free  stream  density  -  slugs/ft-^ 
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As  mentioned  previously,  the  change  in  lift  caused  by  the  trai I ing-edge 
jet  may  be  divided  into  that  created  by  the  vertical  reaction  component  at 
the  jet  and  that  created  by  virtue  of  the  jot's  ability  to  alter  the 
circulation  about  the  profile.  Let  us  now  consider  the  first  of  these  terms. 

The  jet  reaction  effect  upon  lift  is,  quite  simply,  that  component  at 
the  jet  thrust  acting  in  a  direction  normal  to  the  free  stream.  The  term, 

,  is  a  non-dimensional  parameter  indicative  of  the  jet  thrust  and 
may  be  considered  to  be  a  thrust  coefficient.  As  the  jet  angle  from  the 
free  stream  direction  is  defined  by  oc  +  ,  it  is  obvious  that  the 

increment  in  lift  coefficient  created  through  jet  reaction  may  be  given 
by: 

5iin(oC.-t  ©')  (3.Zdl) 

The  above  equation  may  oe  found  to  be  merely  an  expression  of  Newton's  Law, 

It  CX  +  are  positive,  i.e.  the  je+  is  directed  downward  from  the 

direction  of  the  infinite  free  stream,  the  lift  increment  will  be  positive. 

Determination  of  an  expression  for  the  circulation  term  presents  a 
somewhat  more  difficult  problem.  It  would  seem  intuitively,  however,  that 
this  term  could  be  related  to  some  function  of  and  the  jet  orientation 

angle  with  the  free  stream.  The  simplest  relation,  determined  theoretically, 
and  the  one  which  has,  to  this  time,  proven  most  accurate  is; 

=  /(C^)5/n(o4-t  ©')  (3.2d2) 
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The  expression,  )  has  been  related  to  by  Dr.  Malavard  and 

his  associates  in  France  (Ref.  42).  Based  on  previous  theory,  this  relation¬ 
ship  was  arrived  at  from  a  consideration  of  the  jet  as  a  fluid  membrane  with 
unchanged  momentum  assumed  along  the  jet.  The  linearized  theory  used  assumed 
thin  sections  and  small  angles.  Final  quantitative  data,  determined  from 
tests  in  the  electrolytic  plotting  tank  and  making  use  of  the  thin  membrane 
analogy,  are  presented  in  Fig.  55a.  It  must  be  remembered  that  this 
analysis  deals  with  ideal  flow  and  considers  only  chord  extension.  It 
cannot  consider  changes  in  jet  entrainment  characteristics  or  possible 
alterations  to  the  chord  extension  effect  due  to  viscosity.  Of  course,  the 
abil ity  of  the  jet  to  entrain  is  assumed  in  the  method,  "Chord  extension" 
theory  is  dealt  with  at  some  length  in  Refs.  41  and  42. 

Willauer  points  out  in  Ref.  44  that  if  f(C^  )  is  plotted  against 
^  rather  than  ,  the  results  of  Malavard's  studies  appear  closely 

linear,  the  slope.  Fig.  55b,  being  approximately  3.18.  Therefore  it  can  be 
said  that: 

—  KITc^  {3.2d3) 

where  K=  3.18  using  the  Malavard  data. 

The  circulation  term  may  thus  be  altered  to; 

=  l<  sin  Co( +  0')  (3.2d4) 

Adding  the  expressions  for  the  contributions  of  jet  reaction  and 
circulation,  the  equation  indicative  of  the  total  lift  increment  created 
by  tra i  1 ing~edge  blowing  will  be  ^ 

^  Tor  ,  R 
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where;  AC,  =  lift  increment  due  to  circulation  effects 
‘c 

AC,  =  lift  increment  due  to  jet  reaction 
R 


K)f^5in(c<te>')  +C^Sin(cA-f  ©')  {3.2d5) 

The  lift  coefficient  for  the  jet  flap  equipped  profile  (with  base 
lift  curve  slope  of  ZTT  units/radian)  will  thus  become; 

^TT3^^1o^-t/Cf^Sln(o(4e')-^Cp^5ln(c(t  &')  (3.2d6) 

The  three  partial  derivatives  of  equation  3,2d6  are: 


_  Etr  4-  (205(oC+©')-H 

(COS(o<-f  ©') 

(3.2d7) 

doc 

57.3  57.3 

67.3 

—  kJ^.  cosCo^-f- ©') -f  ■ 

C05(o(H  0‘^ 

(3.2d8) 

($©■ 

57.3  ^ 

57.3 

Sin(o(  + 

■  (3.2d9) 

where  angles  are  expressed  In  degrees  and  slopes 
per  degree. 

Fi3s.56  through  63  show  plots  of  various  aspects  of  equation  3.2d6. 


The  constant,  K,  has  been  assumed  equal  to  3,18.  Fig.  56  shows  the 
increase  in  lift  due  to  jet  reaction  as  well  as  due  to  circulation  effect 
plotted  against  oC  +  (&'  .  The  circulation  effect  may  be  seen  to  be 

many  times  the  magnitude  of  the  reaction  term  in  this  C range. 

However,  as  lift  increment  varies  here  as  the  square  root  of  momentum 
coefficient,  increasing  C^  yields  a  fall-off  in  the  effectiveness  of  the 
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circulation  term  as  compared  with  the  reactiori  term.  From  equation  3.2d5,  it 
would  be  expected  that  the  circulation  term  would  exceed  the  reaction  term 
until  a  of  greater  than  ten  is  achieved.  If  a  Jet  orientation  angle  of 

90°  with  the  free  stream  could  be  attained.,  this  equation  indicates  that 


i  ft  increment  would  here  reach  a  maximum  for  a  given  C 


.  Fig.  57 


Indicates  the  predicted  total  lift  increase  attained  through  increases  in 
initial  Jet  orientation  up  to  that  of  90°.  Note  that  the  ratio  of  total 
I  ift  increment  to  would  be  expected  to  become  smaller  the  greater  the 

C;.  . 


Figs.  58  and  59  reveal  the  predicted  lift  coefficient  achieved  by  an 
ideal  profile  with  trai I ing-edge  blowing  under  various  conditions  of  <K  , 
&'  and  C jj.  .  Fig.  58  considers  only  the  circulation  term  while 
Fig.  59  demonstrates  total  lift  coefficient.  It  will  be  noted  that  with 
o' =  o"  ,  the  effect  of  blowing  is  to  increase  the  slope  of  the  lift 
curve  as  a  function  of  ,  maintaining  o.i..  •  The  effects  of 

increasing  are  much  the  same  as  would  be  the  case  with  deflecting  a 
finite  geometric  flap,  the  entire  lift  curve  shifting  to  the  left.  This 
theory,  however,  unlike  that  for  the  finite  flap  as  given  by  thin-airfoil 
theory,  shows  a  predicted  fall -off  in  slope  with  increased  Jet  deflection. 
This  is  particularly  noticeable  where  ©’  becomes  equal  to  90°.  At  angles 
of  attack  above  8  to  14  degrees  a  &'  of  75°  is  shown  to  be  superior  to 
that  of  90°.  This  slope  fall-off  is  due  to  the  establishment  of  (X  + 
as  the  orientation  angle  of  importance  rather  than  simply  ©  .  It  is 

readily  seen  from  these  plots  that,  as  would  be  expected,  increased  Ojx 
increases  the  effectiveness  of  variations  in  0  .  This  is  also  shown  in 
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the  cross-plo'la  presented  in  Figs.  oO  t'nd  61.  Mote  that  the  effect  of 
increased  C^l  's  fiot  only  to  increase  the  lift  level  at  a  given  c?  , 
but  also  to  increase  lift  curve  slope. 

The  special  case  wlicre  O'  is  equal  to  zero  is  plotted  in  Fig.  62. 
The  near  linearity  of  these  curves  results  from  the  low  orientation  angles 
achieved  here,  the  angle  itself  very  nearly  equaling  its  sine.  As  would 
be  expected  from  the  previous  discussion  of  chord  extension,  lift  increment 
goes  to  zero  when  initial  jet  orientation  angle  (here  equal  to  oc  )  goes 
to  zero.  It  is  of  some  interest  that  physical  extensions  to  the  symmetrical 
profile  chord  would  also  create  curves  of  this  type,  yielding  no  increase 
in  lift  at  the  base  profile  ^o.l  increased  slope  with  increased 
chord  extension.  Basing  lift  coefficient  upon  the  original  chord,  the 
effect  of  physical  chord  extension  would  be: 


AC^ 


c 

- 

C  base:.  RFeoF-iL-ir. 


(3.2dl0) 


where  Cr./C  is  the  ratio  of  the  extended  part 
of  the  chord  to  the  base  chord. 

This  may  be  equated  to  equation  3.2d4  for  the  O'  =0  case,  resulting 


in  the  expression: 


(3.2dll) 


Thus  the  equivalent  chord  extension  created  through  blowing  directly  aft 
(  o  )  may  be  determined.  It  should  be  pointed  out  that  although 

equivalence  in  results  may  be  attained,  the  two  phenomena  are  entirely 
different  and  generally  must  be  thought  of  as  such.  The  equation  above 
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indicates  an  effective  chord  extension  which  is  independent  of  c<  .  This 
is  somewhat  surprising  in  view  of  the  actual  physical  situation  which 
would  seem  intuitiveiy  to  be  expected  to  yieid  a  chord  extension  effect 
increasing  with  angie  of  attack.  Further,  the  concept  of  chord  extension 

O 

loses  much  of  its  meaning  at  (X  =  O  .  Here  the  uncurved  jet  will 

not  sustain  a  pressure  differential  while  likewise  the  equivalent  chord 

extension  will  not,  in  the  real,  symmetrical  profile  case,  be  required 

to  carry  a  pressure  differential.  The  questions  here  are  strictly  , 

academic  (and  perhaps  semantic):  can  chord  extension  be  said  to  exist  with 

the  uncurved  Jet?-and,  what  might  be  the  effect  of  camber? 

The  I ift  increase  due  to  circulation  may  be  considered  to  be  made  up 

of  two  parts  — that  due  to  angle  of  attack  changes  where  &'  =  O  and 

/ 

that  due  to  variations  in  jet  angle,  ^ 

where: 

~  4  ©')  -  Sin  cxj  (3.2dl3) 

Fig,  63  shows  plots  of  the  above  equation.  The  decrease  in  ACi 

Cq/ 

with  increased  oi,  ,  is  of  particular  interest  in  the  light  of  chord 
extension  equivalence.  Application  of  thin  airfoil  theory  to  the  flapped 
case  reveals  no  correlation  between  these  curves  and  any  given  value  of 
geometric  chord  extension  assuming  the  same  cX  and  .  Certainly 

thin  airfoil  theory  cannot  predict  any  lift  curve  slope  change  with  &' 
as  is  the  case  with  this  theory.  Thus  it  may  be  reaffirmed  that  although 
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the  concept  of  the  existence  ot  on  equivalent  finite  flap  is  of  sow  aid  in 
considering  the  general  picture,  it  »ay  well,  at  least  at  the  present  state 
ot  the  art,  act  os  a  confusing  element  when  it  Is  desired  to  study  the 
situation  in  some  detail. 

The  rather  meager  amount  of  available  experimental  data  on  jet  flap 
characterlsticsindicates  that  the  theory  as  given  in  equation  3.2d5  comes 
very  close  to  giving  an  accurate  quantitative  picture  in  the  angle  of 
attack  regime  prior  to  the  occurrence  of  separation.  Figs.  64a,  b,  c,  and 
d  compare  theory  as  given  in  equations  3.2d5  and  3.2d6  with  the  experimental 
results  of  Poisson-Qu inton  and  Jousserandot  as  given  in  Ref.  38. 

It  can  be  seen  from  Fig.  64a  that,  for  's  less  than  0.5,  theory 

and  experimental  data  will  agree  almost  exactly  if  variation  of  the 
actual  base  profile  curve  from  its  own  theoretical  potential  is  taken  into 
account.  Note  that  if  the  difference  between  the  theoretical  base  profile 
curve  and  the  experimental  is  subtracted  from  the  controlled  profile's 
theoretical  curves  for  the  lower  values,  the  result  will  lie  very 

closely  upon  the  curve  defined  by  the  experimental  points  for  the  given 
C  .  Further  experimental  work,  conducted  in  England  and  described  by 

Davidson  in  Ref.  43,  yielded  results  which  appear  to  be  as  close  to  theory 

as  those  of  Ref .  38. 

Fig.  64b  indicates  the  same  very  good  correlation  up  to  a  i9  —  60  . 
Here  again,  divergence  from  theory  Is'closely  equal  to  that  divergence 
attributable  to  the  viscous  characteristics  of  the  base  profile.  This 

correlation  is,  of  course,  only  good  prior  to  separation.  The  effects  of 

,  ,  1.  4-  190  fnr  the  =  35°  case  and  at 

separation  become  obvious  here  at  -  12  tor  Tne 
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oC  -=8°  for  &  =  63^.  Although  separation  will  be  discussed  in  some 
detail  further  along  in  this  discussion,  it  is  interesting  to  note  the 
very  flat  "stall"  characteristics  of  this  system.  Due  to  jet  entrainment 
effects,  tra i 1 ing-edge  separation  is  thought  to  be  impossible  with  the 
trai I ing-edge  blowing  Jet  of  reasonably  high  Cj^  .  The  large  circulation 
control  created  by  this  device,  however,  can  induce  highly  premature 
leading-edge  separation.  If  the  Jet  momentum  flow  is  sufficiently  great 
this  separation  seemingly  cannot  completely  break  away  from  the  profile, 
the  Jet  entrainment  forcing  reattachment  at  the  trai i  ing-edge  at  least 
until  very  high  angles  of  attack  are  attained.  This,  plus  a  Jet  reaction 
effect  which  would  be  expected  to  increase  with  c<.  so  long  as  Jet 
directionality  remains  constant,  causes  the  Jet  flapped  profile's  "stall" 
to  be  very  gentle. 

The  variance  from  theory  for  's  greater  than  0.5  is  again  shown 

in  Fig.  64c.  Such  divergence  becomes  more  marked  as  C  jx  is  increased  or 
as  ©'  is  increased.  For  a  of  1.00  relatively  extensive  divergence 

initiates  at  a  Jet  deflection  of  55°,  while  such  divergence  occurs  at  50° 
for  a  of  1.50.  It  is  possible  that  this  fairly  large  divergence  seen 

with  increasing  ©  can  be  attributed  to  leading-edge  separation  phenomena. 

Fig.  64d  demonstrates  excellent  agreement  at  low  C  's,  while  Fig.  64e 
indicates  good  correlation  in  the  variation  of  lift  curve  slope  with  ^  jju  • 
Again,  variation  of  the  base  profile  characteristics  with  the  theoretical 
seems  the  major  cause  for  any  disagreement  between  theoretical  and 
experimental.  Data  contained  in  Refs.  43  and  44  also  show  very  good 
agreement  with  the  theoretical  curve  of  Fig.  64e. 
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The  experimental  data  shown  would  seem  to  indicate  that  the  theory 
(equation  3.2d5)  holds  very  well  at  C  's  below  0.5,  jet  deflection  angles 
up  to  60°,  and  angles  of  attack  prior  to  the  definite  occurrence  of  leading- 
edge  separation.  There  is  always  the  possibility  that  all  variance  from 
th's  theory  is  due  to  separation  effects.  This  possibility  lacks 
verification  as  the  angle  of  attack  corresponding  to  occurrence  of 
separation  for  such  a  configuration  is  very  difficult  to  detect  from  force 
test  data,  and,  unfortunately  no  data  is  currently  available  for  a  profile 
fitted  with  both  a  jet  flap  and  a  leading-edge  boundary  layer  control. 

In  general,  it  can  be  said  that  available  experimental  data  shows  unusual 
agreement  with  theory.  Such  correlation  is  all  the  more  remarkable 
considering  the  necessary  assumptions  upon  which  the  theory  is  based. 

The  excellent  verification  of  theory  Indicates  that  jet  entrainment, 
while  seemingly  of  no  importance  in  the  establishment  of  lift  variations, 
serves  to  quite  perfectly  control  the  boundary  layer  so  that  the  chord 
extension  effect  may  be  fully  realized.  This  appears  to  be  true  even  at 
low  's  where,  with  the  blowing  slot  located  on  the  lower  surface  at 

91%  chord,  it  would  be  possible  that  slight  trai 1 ing-edge  turbulence 
could  spoil  the  chord  extension  effect.  Whether  jet  entrainment  would 
maintain  theory  at  very  small  Q, jx  's  and/or  with  the  blowing  slot  located 
well  forward  on  the  lower  surface  is  a  point  still  in  question.  It  might 
be  added  that  the  circulation  portions  of  the  experimental  results  verify 
the  existence  of  lift  curve  slope  fall -off  with  increased  O'  .  This^ 
again,  demonstrates  the  fallacy  of  establishing  any  given  flapped  profile  In 
viscous  or  inviscid  medium  as  an  equivalent  to  the  airfoil  with  jet  flap. 
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Some  possible  jet  flap  configurations  are  shown  in  Fig.  65.  Fig.  65a 
demonstrates  the  fixed-deflection  flap  used  in  the  Tunnel  tests  described 
by  Poisson -Quinton  and  Jousserandot  in  Ref.  38.  The  achievement  of 
variable  deflection  at  a  far  aft  chordwise  location  would  probably 
necessitate  the  use  of  a  tra 1 1 ing-edge  cylinder,  as  shown  in  Figs.  65b  and 
c,  which  could  be  rotated  to  the  desired  angle  In  flight.  The  device  shown  in 
Fig.  65c  would  make  use  of  what  is  known  as  the  "Coanda"  effect  (Refs.  156 
and  157).  This  effect  is  based  upon  the  observation  that  a  blowing  jet 
ejected  tangentially  to  a  curved  surface  will  tend  to  follow  that  surface 
rather  than  break  away  and  continue  in  its  original  direction.  The 
occurrence  of  such  a  flow  phenomenon  would  bo  expected  to  be  a  function  of 
degree  of  curvature,  jet  velocity,  free  stream  velocity,  the  initial 
deflection  of  the  jet  with  respect  to  the  free  stream,  and,  probably, 
the  viscous  conditions  of  the  flow.  In  any  event,  fairing  the  rotable 
cylinder  to  a  point,  as  shown  in  Fig.  65c  would  force  a  discontinuation 
of  the  "Coanda"  effect  and  the  jet  would  travel  into  the  free  stream  in  the 
direction  defined  by  the  deflection  angle  of  the  cylinder's  discontinuity. 

Fig.  66  shows  the  various  blowing  slot  configurations  used  in 
obtaining  the  experimental  data  given  in  Ref.  38.  It  is  of  some  interest 
to  note  that  the  design  jet  deflection  angle,  &  ,  is  seldom  actually 

attained.  The  actual  initial  jet  deflection  angle,  ©'  ,  is  almost 

always  somewhat  less  and  sometimes  considerably  less  than  the  design 
deflections.  Note  that  the  deflection  loss  here  seems  to  be  greater  the 
greater  the  deflection,  the  greater  the  slot  width,  and  the  further  aft 
the  slot  location.  The  difference  between  &  and  would  seemingly 
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be  a  matter  of  slot  design.  Use  of  a  blowing  passage  which  contracts  efficiently 
to  a  small,  sharp-edge  slot  probably  would  yield  optimum  0^(9  for  the 
fixed-deflection  jet  flap,  while  it  is  possible  that  the  variable  deflection 
device  using  the  "Coanda"  effect  could  achieve  a  better  deflection  ratio 
than  other  systems  as  slot  desip'"here  becomes  less  critical. 

The  values  of  ©■  shown  in  Fig.  66  were  obtained  under  conditions  of 
zero  free  stream  velocity.  Correlation  of  "wind-on"  tests  with  theory 
Indicate  that  O'  does  not  vary  significantly  with  velocity.  It  would 
thus  seem  that  the  actual  jet  deflection  could  be  attained  for  any  system 
through  static  tests.  As  slot  design  can  be  a  large  factor,  it  is 
recommended  that  such  an  evaluation  of  true  jet  angle  be  made  prior  to  final 
testing  of  any  new  jet  flap  system.  Of  course,  the  dynamic  effects  may 
become  important  under  certain  conditions  and  with  certain  systems. 

A  trail ing-edge  blowing  parameter  of  some  interest  is  the  lifting 
efficiency,  "E".  This  term  is  defined  as  the  ratio  of  the  increase  in  lift 
due  to  circulation  to  the  increase  in  lift  due  to  jet  reaction,  and 
represents  a  measure  of  the  gain  achieved  through  utilizing  a  jet  in  a 
sheet  aft  of  a  wing  as  compared  with  simply  directing  it  downward.  For 
any  given  angle  of  attack,  lifting  efficiency  may  be  expressed  as  follows: 

p-  — -F(Cm.)sI  n  (o(  +  p)  —  ^f(c^.)  Ci  Kj/C^  (3.2dl4) 

This  equation  is  plotted  in  Fig.  67  along  with  experimental  data  from 
Ref.  38  for  the  zero  angle  of  attack  case.  Very  good  agreement  between 
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theory  ond  experimeoi  .ill  be  noted  along  with  the  trend  toward  lower  "E” 
with  Increased  C„,  .  Assuming  the  value  of  "K"  to  hold  constant  even  for 

high  blowing  coefficients,  the  iifting  efficiency  will  fall  below  1.0  at  a 

C  ^  of  10. 

The  correlation  of  theory  with  experiment  regardless  of  slot  width 
(using  9'  as  orientational  parameter)  and  location  justifies  use  of  the 
blowing  momentum  coefficient,  C  y.  ,  as  the  major  blowing  parameter. 

Because  of  this  invariance  with  slot  width  it  can  be  said  that,  even  though 
both  the  circulation  effect  (  K  )  and  the  ratio  of  jet  velocity 

to  free  stream  velocity  (  Vj  / \/c  )  are  directly  proportional  to  |/^  > 

the  increment  in  circulation  lift  coefficient  yielded  by  the  jet  flap  cannot 
be  equated  to  Vf' /  except  for  a  given  slot  width: 


C  c, 


(3.2dl5) 


s  Vo  /  ^ 


(3.2dl6) 


where:  Cj  =  slot  width 

C  =  prof i le  chord 

Similarly,  if  circulation  increase  in  lift  coefficient  is  proportional  to 


Cu  ,  it  may  be 


equated  to  Cq  for  a  given  slot  width; 


(  C, 


{3.2dl7) 
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KV^5/h(c<  +  o')  =  k(c^)J^  5in(^-F©')  (3.2dl8) 

Assuminq  a  constant  slot  width,  ,  and  ,  the  lift  increased  due 

to  circulation  effects  may  be  shown  in  terms  of  jet  velocity  to  be: 

AC-  = 

‘o  V. 

AL-^  =  K'V/-LfY,3  (3.2di9) 

In  terms  of  blowing  quantity,  Q,  this  expression  becomes: 

(3.2d20) 

Disregarding  three-dimensional  effects,  it  can  thus  be  said  that,  for  a 
given  blowing  quantity,  the  lift  increment  created  through  circulation  on 
a  Jet  flapped  wing  of  given  configuration  and  angle  of  attack  varies 
directly  as  the  flight  speed.  The  jet  reaction  effect  would  be  felt  to  be 
independent  of  velocity,  while  the  base  wing  lift  varies  as  the  velocity 
squared.  The  lift  increase  caused  by  the  jet  reaction  and  jet-induced 
circulation  initiates  at  zero  airplane  velocity  at  a  level  slightly  greater 
than  the  jet  reaction  lift  and,  as  velocity  is  increased,  increases  directly 
with  that  velocity.  This,  of  course,  assumes  constant  Q,  constant  &'  ,  a 

given  slot  width,  and  no  trim  changes  in  angle  of  attack. 

Smoke  tunnel  tests  conducted  in  the  Subsonic  Aerodynamics  Laboratory's 
2"  X  36"  tunnel  demonstrated  the  distinct  possibility  of  severe  ground- 
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effect  problems  with  this  type  of  configuration.  Impingement  of  the  jet 
upon  the  bottom  wall  appeared  to  cause  strong  flow  changes  along  with 
possible  flow  instabilities.  Experiments  conducted  along  these  same  lines 
and  described  in  Ref.  43  revealed  some  loss  in  lift  but  apparently  did  not 
show  the  powerful  and  variable  flow  changes  observed  during  the  Princeton 
tests.  The  major  difference  between  these  two  tests  seems  to  have  been 
that  of  partial  lower  surface  flow  blockage  (Princeton)  as  opposed  to  no 
blockage  (Ref.  43).  Distance  above  the  ground,  ,  ©  *  ,  o<.  ,  free 

stream  velocity,  and  perhaps  profile  thickness  could  be  important  parameters 
in  this  problem.  It  Is  hoped  that  the  ground  effect  phenomenon  will 
receive  more  consideration  prior  to  the  serious  design  of  a  jet  flapped 
aircraft. 

In  the  case  of  trai I ing-edge  blowing  it  is  necessary  to  speak  of 
separation  rather  than  stall.  Because  of  the  trai I ing-edge  B.L.C.  effect 
inherent  In  this  design  (jet  §j:  the  trail ing-edge),  generally  only  leading- 
edge  separation  would  be  expected.  Observations  made  in  the  few  published 
experimental  investigations  of  this  device  indicate  that  once  this  leading- 
edge  separation  works  back  to  the  trai I ing-edge  it  will  not  break  away, 
the  jet  entraining  the  air  about  the  separated  region  and  thus  preventing 
it  from  completely  detaching.  Such  complete  detachment,  however,  might 
well  be  possible  at  low  ’s  and/or  high  angles  of  attack.  What 

effect  leading-edge  stall  type  (leading-edge  or  th in-airfo i I )  might  have 
upon  the  separation  characteristics  of  this  system  is  not  known.' 

For  the  reasons  above,  the  "stall”  pattern  observed  with  tested  jet 
flaps  is  a  level Ing-off  of  circulation  lift,  no  true  stall  being  present. 
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If  jet  reaction  effects  are  considered,  lift  would  still  increase  with  angle 
of  attack  even  after  fairly  complete  upper  surface  separation.  There  would, 
of  course,  be  expected  to  exist  an  angle  where  the  jet  could  no  longer 
contain  the  separation  bubbly  and  stall  (lift  fall-off)  would  occur. 

As  increases  in  jet  deflection  angle  or  both  serve  to  increase 

circulation,  such  increases  would  further  the  likelihood  of  separation  at 

a  given  angle  of  attack.  Again,  as  was  the  case  with  the  trail ing-edge 

suction  system,  Ci  (or  the  occurrence  of  rapid  fall-off  in  lift 
'max 

curve  slope)  is  very  difficult  to  accurately  predict  primarily  because 
the  device  provides  trai I ing-edge  B.L.C.  Rough  estimations  may  be  made, 
however,  from  the  information  contained  in  Section  3.2b.  Outside  of  the 
separated  regime,  the  lifting  characteristics  of  the  jet  flapped  profile 
may  be  obtained  through  using  the  theoretical  values  as  determined  from 
equations  3.2d5  or  5.2d6,  or  the  corresponding  figures.  "K"  may  be  assumed 
equal  to  3.18.  Experimental  data  indicates  that  theory  for  such  a 
configuration  is  at  least  as  accurate  as  that  for  the  base  profile. 

Possible  areas  for  divergence  from  theory  are;  (I)  at  high  's, 

where  the  value  of  "K"  may  change,  (2)  at  high  's,  where  the  value  of 

"K"  may  change,  (3)  for  configurations  with  blowing  slots  well  forward 
on  the  lower  surface,  (4)  for  configurations  in  ground  effect,  and 
(5)  for  separated  configurations.  The  first  two  of  these  areas  of  possible 
divergence  await  further  testing,  although  it  is  understood  that 
unpublished  N.A.C.A.  work  indicates  that  "K"  maintains  its  value  (  ^  3) 


to  qu ite  h  igh  C 


's  and  Q ^  ’s. 
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It  would  be  thought  that  the  further  forward  the  blowing  slot  was 
located  on  the  lower  surface,  the  less  likely  would  be  the  achievement  of 
potential  flow  and  the  desired  chord  extension  at  a  given  .  This  is 

due  to  the  -fact  that  jet  entrainment  from  the  upper  surface  would  be  more 
difficult  the  further  forward  the  slot.  For  a  slot  at  a  given  location, 
full  entrainment  would  be  more  likely  if  the  profile  trai I  ing-edge  were 
rounded  rather  than  sharp.  Ref.  38  indicates  that  theoretical  values  can 
be  achieved  even  at  low  C jx  's  with  a  slot  located  at  90^  chord  and  a 
rounded  tra i I ing-edge.  The  use  of  theory  to  predict  lift  for  configurations 
with  slots  much  further  forward  than  this  is  not  recommended  —  particularly 
when  at  low  C  ^  's  and  h igh  <X' s.  The  possibi I ity  of  aiding  such  a 
configuration  through  adding  traTI ing-edge  suction,  however,  should  not  be 
overlooked. 

The  drag  increment  created  through  the  use  of  a  jet  flap  would 
normally  be  expected  to  be  negative,  or  actually  a  thrust.  The  thrust 
attainable  through  jet  reaction  effects  may  be  shown  to  be: 

C05(©' -f  (3.2d2l) 

Entrainment  created  by  the  blowing  jet  has  been  shown  with  a  minimum  of 
C  ^  to  be  capable  of  preventing  any  profile  separation  for  *s 

n 

up  to  90°.  Thus  it  would  be  expected  that  profile  drag  (discounting  jet 
reaction)  would  always  be  equal  to  friction  drag,  i.e.  essentially 
indepetident  of  angle  of  attack.  Fig.  68  shows  the  profile  drags  for  various 
and  as  given  in  Ref,  38  compared  with  the  results  attainable 

through  applying  equation  (3.2d2l).  It  can  be  seen  that  at  this  angle  of 
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attack  (  ^  -  0°  )  and  for  “s,  40°  the  correlation  is  very  good, 

with  the  total  thrust  exceeding  the  reaction  tnrust  by  a  quantity  of  the 
order  of  magnitude  of  the  friction  drag.  At  O'  Is  greater  than  40°  the 
total  thrust  exceeds  the  reaction  thrust  by  an  amount  which  increases  with 
increasing  &'  and  increasing  Cyx  .  Davidson  (Ref.  43)  points  out 

that  this  effect  is  probably  due  to  the  increased  circulation  which  causes 
an  acceleration  of  the  air  about  the  profile  leading-edge  and  thus  (in  the 
absence  of  separation)  a  suction  at  that  location.  Davidson  further 
indicates  that  a  suction  drag  may  be  expected  at  the  trai I ing-edge  due  to  the 
local  acceleration  of  the  air  by  the  jet  entrainment  action.  The  magnitude 
of  tnis  Jet  drag,  according  to  tests  made  in  England,  will  be  equal  to  3% 
to  6  of  the  gross  thrust.  Ref.  43,  however,  indicates  that  if  systems 
employing  gases  at  elevated  temperatures  are_employed,  jet  drag  will  cease 
to  be  a  "problem"  and  may  indeed  become  a  rather  large  thrust  term. 

This  writer  has  not  had  the  opportunity  to  follow  up  the  statement 
made  by  Davidson  that  gross  thrust  may  be  shown  by  theory  to  be  equal  to 
the  total  jet  reaction  and  is  independent  of  jet  deflection.  If  this  were 
the  case,  then  all  variation  from  C^j  =■  must  be  allocated  to  friction 

drag  plus  "jet  drag". 

For  the  present  it  would  seem  that  the  drag  (thrust)  increment 
provided  by  trai I ing-edge  blowing  of  unheated  air  can  be  approximated  by 
use  of  equation  (3.2d2l).  Thrust  may  be  expected  to  increase  beyond  this 
predicted  value  at  high  O'*  *3  or  high  's.  The  greater  the 

magnitude  of  C  ^  ,  or  oC  ,  the  larger  would  be  the  increase  in 

thrust  over  such  a  prediction.  Of  course,  if  separation  is  encountered, 
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such  an  estimate  will  be  invalidated. 

Fig.  69  gives  a  very  approximate  estimate  of  the  expected  pitching  moment 

coefficients  created  through  trai I ing-edge  blowing.  This  curve,  which  was 

determined  empirically  from  data  contained  Ref,  38,  should  be  applied  for 

constant  angle  of  attack  and  the  lift  coefficient  shown  is  intended  to 

include  both  circulation  lift  and  reaction  lift.  It  is  of  interest  that 

0'  does  not  seem  to  be  a  significant  factor  in  determining  the  ratio, 

ACrn.-/  /  ACrf  .  The  trai  I  ing-edge  jet's  reaction  can 

74-/  BLOWING 

be  shown  to  theoretically  yield  a  value  for  this  ratio  of  -1.33,  independent 


of  C 


.  Unfortunately,  the  nature  of  this  ratio  does  not  permit  true 


separation  of  the  circulation  and  reaction  effects  and  thus  the  remaining 
portion  cannot  necessarily  be  attributed  to  circulation  lift.  The  jet 
reaction's  influence  upon  pitching  moment  can  be  reduced  if  the  jet  is 
moved  forward  on  the  lower  surface  and  negated  if  the  jet  reaction  is 
brought  to  act  through  the  quarter-chord  point.  Of  course,  moving  the 
nozzle  to  such  a  location  will  not  be  expected  to  assist  the  large 
negative  pitching  moment  created  by  circulation  lift  unless  spoiling 
occurs  —  in  which  case  the  system  is  operating  inefficiently.  Thus, 
no  matter  where  the  "trai  I ing-edge"  blowing  is  located,  the  high  nose- 
down  pitching  moments  characteristic  of  any  trai I ing-edge  high-lift  device 
must  be  expected. 
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3.2e  Applicability  of  Potential  Theory-Trai I inq-Edqe  Flaps 

As  was  the  case  with  the  trai I ing-edge  suction  and  trai ling- 
edge  blowing  configurations,  theoretical  considerations  are  of  no  small  value 
as  an  aid  in  predicting  the  aerodynamic  characteristics  of  tra  i  I ing-edge  flaps. 
Potential  theory  can  be  expected  to  closely  predict  such  characteristics  for 
any  profile  with  circulation,  providing  separation  does  not  exist.  Therefore, 
for  the  profile  with  unpowered  flap,  potential  considerations  should  be 
valuable  for  deflection  angles  below  approximately  15°  (in  which  range  flap 
separation  is  normally  of  small  extent)  and  at  angles  of  attack  prior  to 
those  at  which  separation  of  the  leading-edge  or  trail  ing-edge  type  can 
initiate.  In  the  absence  of  jet  reaction  effects  and  chord  extension  and 
at  angles  of  attack  below  that  tor  leading-edge  stall,  the  ideal  circulation 
lift  given  by  theory  should  quite  rigorously  define  the  change  in  lift 
possible  due  to  a  given  deflection  of  the  flap  which  is  provided  with  boundary 
layer  control  in  the  form  of  a  blowing  or  suction  system. 

The  simplest  means  of  determining  the  inviscid  aerodynamic  characteristics 
of  a  profile;  flapped  or  unflapped,  is  through  the  use  of  the  thin  airfoil 
theory,  an  approximate  theory  conceived  by  Glauert  (Ref.  46)  and  based  on 
the  potential  flow  over  a  profile  of  zero  thickness.  This  concept  has  been 
described  in  numerous  texts  including  Refs.  4  and  5.  A  summary  of  the 
results  yielded  by  appi  ication  of  the  methods  involved  in  this  theory  to  the 
general  case  of  the  prof i le. (mean  line)  with  any  camber  is  given  below; 

(a)  _ _ r  t:  _ _  (  CA.  in  degrees) 

S7. 3 
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(b)  0(  - -  I  (  COS  Q  - 1  \  d  O  (  oC  in  degrees) 

'yrj^dy.  ^ 

TT 

(c)  C«  =  ‘2.  f  ('c05©-{'\<XQ  (  oC  in  degrees) 

^  5-t,3  die  ^ 

<“)  -fj  ^(cosa®- cose)de 

(e)  Location  of  a.c.  =  ,25c'  aft  of  leading-edge  regardless  of  camber 

where:  c'  =  chord  based  on  straight  line  distance 
from  leading-edge  to  trai I ing-edge 

)C  =  distance  of  any  point  on  mean  I ine  from 

leading-edge  measured  parallel  to  direction 
of  c' , 

y  =  distance  of  any  point  on  mean  line  from  c' 
measured  perpendicular  to  c' 

©  =  COS  I  —  by  definition 

For  the  case  of  the  symmetrical  profile,  these  parameters  reduce  to: 


(a) 

II 

I 

ztr 

cL<^ 

57.3 

(b) 

o(  r 

O.L. 

o 

(c) 

z'tid. 

57.3 

(d) 

C 

A 

(e)  Location  of  a.c.  =  .25c' 

The  plain  flapped  profile  when  viewed  as  a  special  case  of  the  previously 
considered  cambered  profile  may  quite  readily  be  analyzed  on  the  basis  of  thin 
airfoil  theory.  It  might  be  mentioned  that,  because  the  effects  of  base 
airfoil  camber  on  the  increment  of  lift  due  to  a  deflected  flap  are  felt  to 
be  small  (part icul ar I y  considering  the  limitations  of  the  system),  lifting 
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capabilities  of  the  airfoil  with  flap  may  generally  be  determined  as  an 
increment  of  lift  over  that  of  a  base  symmetrical  profile  -  even  though  the 
airfoil  under  consideration  is  cambered.  This  increment  could  then  be  added 
to  the  lift  for  the  profile  (without  flap)  of  the  given  base  camber. 

Treatment  in  this  manner  avoids  the  necessity  of  writing  the  equation  of  the 
mean  1 ine"T6r”the  cambered  profile  plus  flap,  the  only  "cambering"  now  to  be 
considered  being  the  singularity  at  the  flap  hinge-line. 

In  that  the  airfoil  with  plain  flap  is  to  be  analyzed  as  a  special  case 
of  the  cambered  profile  theory,  the  definition  of  profile  chord  (c' — linear 
distance  from  leading-edge  to  trai I ing-edge)  must  remain  unaltered.  Classical 
treatment  of  thin  airfoil  theory  assumes  that  c'  is  always  equal  to  c,  the 
chord  of  the  profile  with  no  flap  deflection,  regardless  of  deflection  angle. 
Obviously,  as  shown  in  Fig.  70,  this  assumption  becomes  rather  poor  at  high 
values  of  deflection.  Knowitori  'suggests  that  a  more  rigorous  treatment, 
making  use  of  true  c'  at  all  flap  angles,  would  yield  added  accuracy  in  the 
comparatively  high  deflection  regime  and  thus  be  more  realistic  for  application 
to  the  case  of  the  flap  with  controb  sufficiently  powerful  to  permit 
operation  at  high  deflection  angles.  Based  on  the  general  thin-airfoil 
formulae  and  the  geometry  given  in  Fig.  70,  this  more  rigorous  analysis 
yields  the  results  shown  below.  Both  the  tra 1 1  ing-edge  and  leading-edge 
flap  (  which  differs  from  the  trail ing-edge  flap  only  by  way  of  angle  of 
attack  definition)  have  been  considered,  while  the  base  profile  has  been 
assumed  to  be  symmetrical  for  reasons  described  previously. 

<i<^a  _  G' 

dok  S'!, 3  C 
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(e)  Location  of  a.o.  =  .25o'  (must  be  geometrically  transferred  to  mean  line) 
where;  U  =  flap  deflection  in  radians 


(angle  in  radians) 


=  distance  along  c'  line  from  leading-edge  to  flap 
hinge  1  ine 

C'  ^  ^  Co3T[ 

O  for  case  of  trai  I  ing-edge  flap 

^p)*=  Yi  for  case  of  leading-edge  flap 

If  flap  angles  are  assumed  to  be  small,  the  preceding  formulae  reduce  to 

the  results  of  the  classical  treatment  where  c.  ^  c.  and  ^  —  iTT^e:) 


(a) 

(b) 

(c.) 


doT  ^7.3 


Ao<  Q  due  to  flap 

AC^  due  to  flap 


,€ppm©fc-ef,  +  ej-n, 

r  . 

_  2  J  "'1 
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(e)  Location  of  a.c,  =  .25c 

where:  <3^  =  TT  for  case  of  trai  I  ing-edge  flap 

a  O  for  case  of  leading-edge  flap 
A  theoretical  approach  which  permits  consideration  of  profile  thickness 
and  thickness  distribution  effects  has,  largely  through  the  efforts  of 
Theodorsen  (Ref.  47),  grown  out  of  the  basic  concepts  of  thin-airfoi I  theory. 
This  type  of  analysis  utilizes  conformal  transformation  methods  and  has 
become  known  as  the  "thick-airfoil  theory".  Reference  4  treats  this  theory 
at  sjjrne  length  as  do  several  others.  Certainly  use  of  this  method  of  analysis 
rather  than  the  thin-airfoil  theory  will  yield  more  rigorous  results, 
particularly  (under  unseparated  conditions)  for  very  thick  profiles.  However, 
th  ic|<-airfoi  I  theory  can  be  lengthy  and  tedious  in  application,  and,  for 
this^  reason,  the  somewhat  less  accurate  thin-airfoil  theory  is  often  used  even 
when  a  theory  considering  thickness  would  be  preferable. 

Perhaps  the  method  for  determining  theoretical  characteristics  of  profiles 
which  provides  the  greatest  accuracy  for  a  minimum  of  labor  is  the 
experimental  approach  made  possible  with  the  development  of  the  electrolytic 
plotting  tank.  This  device,  through  its  ability  to  establish  analogy  between 
electrical  potential  and  aerodynamic  potential,  enables  the  testing  in  a 
pseudo- invi sc  id  medium  of  a  model  of  any  profile.  The  plotting  tank  thus  may 
alTOSt  be  considered  an  inviscid  wind  tunnel.  In  that  the  analogy  established 
satisfies  Laplace's  equation  directly,  no  accuracy-spoiling  assumptions  (such 
as  are  necessary  in  the  thick-airfoil  theory)  are  involved.  However, 
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inaccuracies  do  arise  here  from  The  same  sources  as  would  be  the  case  in  the 
wind  tunnel,  such  factors  as  boundary  conditions,  sensitivity  of  measurement, 
and  caution  in  handling  the  equipment  becoming  important. 

It  is  generally  felt,  among  those  familiar  with  both,  that  a  soundly 
designed  plotting  tank  handled  by  an  experienced  operator  can  produce  results 
which  are  more  accurate  than  those  obtained  through  using  the  much  more  time 
consuming  methods  of  the  thick  airfoil  theory.  (Of  course,  advancements  in 
electronic  computer  techniques  may  one  day  prove  the  mathmetical  approach 
to  be  the  more  convenient).  The  electrolytic  plotting  tank  is  discussed  at 
length  in  Ref.  27.  In  addition,  much  information  may  be  found  in  the 
publications  of  Malavard.  Unfortunately,  many  of  these  have  not  yet  been 
translated  from  the  French.  A  photograph  of  the  Princeton  University 
version  of  this  device  is  shown  in  Fig.  71  and  is  described  in  Ref,  246, 

A  rather  interesting  comparison  of  the  streamline  patterns  about  a  flapped 
profile  as  obtained  in  the  plotting  tank  and  as  obtained,  under  the 
influence  of  B.L.C.,  in  the  smoke  tunnel  is  given  in  Ref.  248. 

There  are  thus  three  basic  methods  for  determining  the  theoretical 
characteristics  of  any  profile  or  profile  with  flap.  The  method  selected 
for  use  is  dependent  upon  the  degree  of  accuracy  required,  the  amount  the 
airfoil  differs  from  the  slightly  cambered,  zero-thickness  profile,  and 
the  availability  of  a  plotting  tank  and/or  mathematicians.  Thin-airfoil 
theory  works  very  well  for  the  profile  with  plain  flap  while  the  plotting 
tank  gives  what  appears  to  be  good  results  for  the  more  complex  configurations 
such  as  the  split  or  slotted  flap.  If  large  viscous  effects  are  present 
under  the  real  flow  conditions,  ail  three  methods  seem  equally  poor.  The 
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regime  of  applicability  of  theoretical  concepts  to  the  real  fluid  case  must 
normally  be  determined  through  correlation  of  the  theoretical  and  experimental 
results.  Once  this  has  been  accomplished,  it  is  possible  to  obtain  empirical 
factors  with  which  to  modify  the  theoretical  relations.  An  example  of  this 
type  of  approach  may  be  found  in  Ref.  78  where  the  real  fluid  pressure 
distributions  for  a  sharp-edged  profile  with  leading-edge  and  trai I ing-edge 
flaps  are  derived  from  both  ideal  and  viscous  relationships. 

Shown  plotted  in  Figs.  72  and  73  are  applications  of  thin-airfoil 
theory  to  the  trai I ing-edge  flap,  leading-edge  flap  and  cambered  profile 
cases.  Figure  72  shows  the  lift  increments  theoretically  predictable 
through  use  of  both  the  classical  and  the  more  rigorous  applications  of  the 
thin-airfoil  analysis.  The  high  values  theoretically  attainable  with  flap 
of  practical  chord  extent  indicate  the  potentiality  of  trai I ing-edge  flaps 
which  are  permitted  closely  theoretical  characteristics  through  the  use 
of  suction  or  blowing.  Figure  73  indicates  the  effect  of  angle  of  attack 
definition  upon  profile  characteristics  as  a  function  of  flap  hinge  location. 

It  is  here  obvious  that,  as  would  be  expected,  the  lift  increment  will 
differ  by  a  fixed  large  amount  depending  on  whether  the  flap  is  of  the 
leading-edge  flap  type  or  the  trai I ing-edge,  even  though  the  two 
configurations  are  geometrically  identical.  The  cambered  prof i le 'curves 
shown  indicate  an  increase  in  I i ft  as  point  of  maximum  camber  is  moved  aft 
from  the  nose.  The  ultimate  decrease  in  lift  increment  as  this  point  is 
brought  near  the  trai I ing-edge  occurs  because  degree  of  camber  varies  as  point 
of  maximum  camber  is  moved.  (These  curves  are  based  on  constant  f I ap 
deflection).  It  can  be  readily  demonstrated,  however,  that  moving  a  given 
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degree  of  camber  aft  Oi  a  profile  will  cause  ibe  I  i  f i-increasing  effecls  of  :he 
camber  lo  become  grfjatcr  unr  i  |  the  tra  i  I  i  ng-edge  is  encountered.  Figure  73  also 
illustrates  the  itiaccurac  icfs  brought  about  at  high  defieciions  by  the  assumptions 
of  the  classical  method  as  opposed  to  the  more  rigorous  treatment.  Of  course, 
with  near  90°  deflection  even  the  rigorous  treatment  may  be  somewhat  in  error 
due  to  inaccuracies  inherent  in  the  thin-air  foil  theory  itseif. 

3.2f  Unpowered  Tra  i  I  i  ng-edge  Flaps 

This  section  deals  with  conventional  uncontrolled  Japs,  by 
which  is  meant  a  flap  without  any  form  of  powered  control  (i.e.:  blowing  or 
suction).  Although  the  discussion  presented  herein  is  not  intended  to  delve 
deeply  into  the  detail  design  of  such  devices,  it  is  hoped  that  sufficient 
information  is  included  to  form  a  basis  for  intelligent  preliminary  design 
proceedings.  Literature  available  on  unpowered  trail ing-edge  flaps  is  most 
voluminous  and  the  reader  interested  in  more  detail  is  referred  to  the 
numerous  references  in  the  bibi  iography..  (Refs.  3  and  45  are  of  unusual 
bibliographic  interest,  while  Ref.  45  const itutes  a  very  fine  summary  of  the 
characteristics  of  unpowered  rra  i  I ing-edge  devices). 

The  Trai I  ing-edge  flap  makes  use  of  the  camber  principle  to  effect  a 
change  in  flow  conditions  at  the  profile  tra  i  I  ing-edge  and  hence  alter  the 
circulation  about  that  profile.  From  potential  flow  considerations  it 
becomes  obvious  that  the  location  of  the  tra  i  I i ng-edge  stagnation  point  has 
a  determining  effect  upon  the  lift  generation  of  a  profile.  Looked  at  in  its 
simplest  terms,  if  the  tra i I ing-edge  stagnation  point  can  be  located  in  such 
a  way  that  the  flow  path  from  the  forward  stagnation  point  over  the  upper 
surface  is  maximized  and  the  path  between  the  forward  and  trai I ing-edge  stagnation 


CONFIDENTIAL 


-1 23- 


CONFIDENT  I AL 

points  on  the  lower  surface  is  minimized,  ihe  largest  value  of  circulation 
(and  thus  the  largest  lift  increment  at  a  given  angle  of  attack)  will  be 
attained.  This,  in  effect,  is  what  is  attempted  by  giving  a  profile  camber. 
The  cambered  profile  has  circulation  control  with  respect  ro  its  symmetrical 
counterpart  by  virtue  of  the  reorientation  caused  in  the  relative  location  of 
the  leading-edge  and  tra i I ing-edge  stagnation  points.  Thin-airfoil  theory 
demonstrates  that  any  given  degree  of  camber  will  create  a  greater  circulation 
lift  if  located  near  the  trai I ing-edge  rather  than  the  profile  leading-edge. 
This  would  indicate  that  the  use  of  a  large  amount  of  camber  applied  to  the 
trai I ing-edge  of  the  profile  could  be  very  useful  as  a  high -lift  c ircul at  ion 
mechanism,  the  one  major  problem  being  the  poor  high  speed  characteristics 
of  such  a  configuration.  The  trai I ing-edge  flap  solves  this  problem,  inasmuch 
as  it  is  a  variable  camber  circulation  control  located  at  the  trail ing-edge 
where  it  can  be  most  effective. 

The  forms  of  tra i I i ng-edge  flaps  which  are  most  commonly  in  use  are 
the  plain  flap,  the  split  flap,  the  single  slotted  flap,  of  which  the  Fowler 
flap  is  a  special  example,  and  the  double  slotted  flap.  These  flaps  are 
shown  in  Fig.  27  and  the  discussion  within  this  section  will  be  I imited  to 
these  types. 

Figure  28  demonstrates  the  airflow  over  the  various  flapped 
configurations  at  a  constant  small  angle  of  attack.  Note  that  all  forms  of 
the  tra i I i ng-edge  flap  yield  a  marked  increase  in  upwash  as  compared  with 
the  uncontrolled  profile.  This  (if  the  two  configurations  are  at  the  same 
angle  of  attack,  as  is  the  case  here)  is  indicative  of  the  achievement  of 
lift  increase  through  increased  circulation.  The  plain  and  split  flaps  can 
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be  seen  to  create  an  effective  stagnation  area  behind  and  beneath  the  flap 
hinge,  but,  due  to  separation,  cannot,  at  this  deflection  angle,  force 
formation  of  a  stagnation  point  at  the  flap  trai I ing-cdge.  As  this  amounts 
to  a  loss  in  potential  circulation,  the  slotted  and  double  slotted  flaps 
were  devised.  Such  flaps  allow  higher-pressure  lower  surface  air  to  bleed 
onto  the  flap  upper  surface,  thus  energizing  the  "dead"  air  in  the  flop's 
boundary  layer,  delaying  separation,  and  increasing  circulation  through 
permitting  the  flap  more  closely  to  achieve  potential  flow.  The  Fowler  flap 
yields  additional  lift  benefits  through  extending  ttie  effective  chord  of  the 
prof i le. 

Figure  29  compares  the  various  flap  types  at  a  given  flap  deflection. 

These  typical  curves  indicate  that  lift-increasing  capabilities  become 
greater  as  flap  type  is  changed  from  plain  to  split  to  slotted.  Note  also 
that  lift  gain  occurs  as  a  shift  of  the  entire  lift  curve  to  the  left.  This 
is  a  characteristic  of  _^c  i  rcul  at  ion  control  as  opposed  to  boundary  layer  control. 
However,  boundary  layer  control  with  respect  to  the  flap,  as  occurs  with  the 
slotted  types,  is  the  major  reason  the  slotted  flaps  demonstrate  greater 
circulation  than  the  unslotted. 

Typical  variation  of  the  lift  curve  with  flap  deflection  is  shown  in 
Fig.  74.  Flap  effectiveness  can  be  seen  to  decrease  at  a  relatively  slow 
rate  as  deflection  is  increased.  This  can  be  attributed  to  the  growth  of 
the  separated  region  aft  of  the  flap  with  increasing  deflection.  Because  of 
this  characteristic  separation  aft  of  deflected  flaps,  few  "unpowered"  flaps 
are  able  to  approximate  theoretical  (thin  airfoil)  predictions  for  values 
of  flap  deflection  in  excess  of  5°  -  10°.  Although  the  addition  of  slots 
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aids  this  situation  considerably,  even  the  slotted  flaps  can  be  shown  to  fall 

far  short  of  the  theoretical  values  for  deflections  greater  than  15®. 

Unpowered  tra i I ing-edge  flaps  generally  reveal  either  a  constant  stall 

angle  or  a  stall  angle  decreasing  with  increased  flap  deflection.  Thus, 

for  the  usual  case,  A  Ci  due  to  flap  deflection  will  be,  at  best,  equal 

'max 

to  Ac,  (degree  of  circulation),  and  will  normally  be  less  than 

I  oc  =  o 

this  term.  Indications  are  that  only  very  efficiently  designed  slotted  flaps 

show  any  tendency  to  produce  the  "tra  i  I ing-edge  B.L.C."  effect  mentioned  in 

Section  3.2b,  which  permits  A  C,  to  increase  beyond  A  C,  _  • 

max  I  o<.  =  o 

Figure  75  shows  the  typical  variation  of  chordwise  pressure  distribution 
with  plain  flap  deflection  for  a  profile  at  a  given  angle  of  attack.  Plain 
flap  deflection  may  be  seen  to  create  a  second  pressure  peak  at  the  flap  hinge 
line.  This  pressure  peak  increases  in  magnitude  as  flap  deflection  is 
increased  until  the  adverse  pressure  gradient  over  the  flap  upper-surface 
becomes  sufficient  to  create  turbulent  separation  at  the  flap  trai  I ing-edge 
with  a  resultant  decrease  in  flap  effectiveness.  Of  course,  laminar  separation 

r 

would  never  be  expected  to  occur  from  the  flap  hinge-line  unless  the  profile 
were  at  a  large  negative  angle  of  attack. 

The  occurrence  of  turbulent  separation  over  the  flap  is  to  a  certain 
extent  dependent  upon  the  entire  pressure  distribution  on  the  profile  upper 
surface,  as  well  as  the  hinge-line  pressure  peak.  Figure  75  reveals  that  the 
majority  of  lift  increase  due  to  flap  deflection  is  reflected  in  the  increased 
negative  level  of  the  pressure  distribution  over  the  profile  upper  surface 
rather  than  in  the  hinge-iine  pressure  peak.  In  fact,  it  is  the  increased 
level  of  the  leading-edge  pressure  peak  which  causes  the  flapped  profile  to 
have  a  greater  tendency  to  stall  from  the  leading-edge  than  would  be  the 
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case  with  the  profile  without  a  deflected  flap.  If  stall  reverts  to  the 

leading-edge  type,  stall  angle  will  decrease  and  A  C.  due  to  flap 

max 

deflection  will  become  less  than  A  Ci  ,  as  described  previously. 

It  appears  that  the  uncontrolled  flap  (with  the  possible  exception  of  the 

slotted  types)  has  little  effect  upon  profile  tra  i  I  ing-edge  stall.  That  is, 

so  long  as  leading-edge  separation  does  not  occur,  stall  angle  for  the 

flapped  profile  is  closely  equal  to  that  for  the  unflapped  profile,  with 

Ct  approximately  equal  A  C.  .  Section  3.2b 

max  '  o(.  -o 

attempts  to  consider  in  as  thorough  a  manner  as  possible  the  variation  of 

Ac.  with  A  Cl  _  for  flapped  profiles.  For  this  reason, 

max 

this  section  will  concern  itself  only  with  degree  of  circulation,  A  C|^  ^ 
Although  the  flap  will  not  separate  so  readily,  pressure  distributions 
for  slotted  and  double  slotted  flaps  will  have  very  nearly  the  same 
appearance  as  that  shown  in  Fig.  73.  Because  of  the  B.L.C.  effect  of  such 
slots,  the  slotted  flap  will  reveal  at  the  higher  deflection  settings,  a 
greater  "hinge-line"  pressure  peak  and  more  negative  overall  upper-surface 
pressure  distribution  than  would  the  plain  flap  at  the  same  deflection. 
Tendency  toward  leading-edge  stall  would  thus  be  greater.  The  split  flap 
pressure  distributions  will  differ  from  that  for  the  plain  flap  in  that  the 
second  pressure  peak  here  occurs  at  the  profile  trai  I ing-edge.  Thus,  even 
though  the  split  flap  is  moved  to  a  more  forward  location,  the  pressure  peak 
must  still  occur  at  the  same  position,  and  no  improvement  in  pitching 
moment  can  be  attained  except  through  permitting  lift  to  decrease.  The  large 
nose-down  pitching  moment  created  by  any  tra i I ing-edge  circulation  control  Is 
a  problem  for  which  there  is  no  real  solution. 
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Degree  of  circulation,  which  may  be  defined  as  lift  increase  at  a  given 

angle  of  attack,  has  more  meaning  at  an  angle  of  attack  where  little  separation 

exists  on  the  profile.  For  this  reason,  2!^  Ci  will  be  used  here 

'  of  r  o 

as  a  measure  of  circulation.  It  is  obvious  that  this  term  can  vary  with  flap 

deflection  and  it  has  been  pointed  out  that  it  can  vary  with  flap  type. 

Further,  it  is  possible  that  flap  chordwise  extent,  profile  shape,  and 

Reynolds  Number  may  affect  A  C,  .  For  the  plain  flap  case, 

'  pc  -  o 

the  "gap",  or  distance  between  the  flap  leading-edge  and  the  tra  i  I  ing-edge  of 
the  fixed  portion  of  the  profile,  may  influence  circulation.  Obviously,  the 
slot  configuration,  for  the  case  of  the  slotted  flap,  should  be  important  in 
regard  to  the  extent  of  flap  B.L.C.,  and  thus  would  be  thought  to  affect 
prof  i  le  circulation. 

Figure  76  shows  circulation  lift  increment  due  to  a  20^c  split  flap 
deflected  60*^  as  a  function  of  profile  thickness.  It  can  be  seen  that 
increased  thickness  causes  an  increase  in  /SC,  ^  ,  but  that,  for  a 

given  profile  series,  the  effect  of  a  thickness  increase  from  that  of 

J 

t/c  =:  6%  to  t/c  =  22i  is  to  increase  A-Cr  by  only  approximately 

'  CK  -  O 

.15.  The  effect  of  variations  in  profile  series  does  not  show  the  uniformity 
of  the  thickness  effect.  However,  observations  of  the  characteristics  of  the 
symmetrical  series  presented  as  well  as  numerous  other  symmetrical  and 
cambered  series  reveal  a  maximum  variation  in  A  Ci  due  to  profile 

\  -zO  ^ 

shape  to  be,  again,  approximately  .15.  The  spread  of  observed  results  is 
indicated  in  Fig.  76.  As  the  influence  of  profile  thickness  and  thickness 
distribution  is  only  of  the  order  of  10^  of  ■  A  C|  ^  ^  ,  such  effects 

may  normally  be  neglected.  Although  little  data  are  available,  Reynolds 
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Number  effects  seem  to  be  of  closely  the  same  order  of  magnitude  as  the  effects 
of  thickness  and  thickness  distribution.  It  is  possible  that  the  slotted  flap 
represents  an  exception  to  this  statement,  the  slot  or  slots  being  particularly 
susceptible  to  Reynolds  Number  variations.  Unfortunately,  the  small  amount 
of  data  available  for  slotted  flaps  at  various  Reynolds  Numbers,  with  other 
parameters  maintained  constant,  does  not  permit  any  predictions  regarding  this 
effect.  In  general,  however,  it  should  be  possible  to  state  that  the  effects 
upon  .(d  C|  ^  ^  of  thickness,  thickness  distribution,  and  Reynolds 

Number  may  be  neglected,  particularly  for  preliminary  design  purposes. 

The  plain  trai I inq-edqe  flap  is  formed,  as  may  be  seen  in  Fig.  27,  by 
hinging  the  rearmost  portion  of  the  airfoil  about  a  point  within  the  contour. 

A  downward,  or  positive,  flap  deflection  effectively  increases  the  camber 
of  the  wing  section.  Although  it  is  possible  to  apply  th in-airfo i I  theory 
to  the  plain  flap  case,  such  a  method  may  be  made  to  correlate  with 
experimental  data  only  for  very  small  flap  deflections.  Thus  empirical  means 
have  been  utilized  in  attempting  to  predict  the  characteristics  of  the  plain 
flap  as  well  as  the  split  and  slotted  flaps. 

In  addition  to  the  variables  of  flap  deflection  and  flap  chordwise  extent, 
a  parameter  which  could  influence  A  Ci  for  the  plain  flap 

case  is  that  of  gap  size.  Through  permitting  air  to  leak  to  the  low  pressure 
on  the  upper  surface  through  a  gap  between  the  airfoil  and  flap,  the  flap 
characteristics  may  be  altered.  Figure  77  demonstrates  typical  effects  of 
gap  size  upon  AC|  .  It  will  be  noted  that  circulation 

lift  falls  off  with  increases  in  gap  size  and,  for  a  (S' p  =  15°,  can 
reduce  A  Cj  by  approximately  .2  if  gap  size  is  of  the 
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order  of  \%  chord.  Very  poorly  designed  gaps  can  yield  even  greater  lift 
losses.  It  would  be  thought,  however,  that  a  gap  which  can  keep  these 
losses  to  under  A  Cj=.  ./  can  readily  be  designed.  Also,  proper 
sealing  can  remove  all  effects  of  gap  width. 

Figure  78  attempts  to  predict  circulation  lift,  A  C,  ^  ^  on 

the  basis  of  the  fundamental  design  parameters,  flap-chord  ratio  and  the 

angle  at  which  the  flap  is  deflected.  Theoretical  curves,  based  upon  the  more 

rigorous  interpretation  of  the  thin-airfoil  theory  are  included  with  the 

empirical  curves,  which  have  been  plotted  on  the  basis  of  ail  experimental 

results  available  to  the  authors.  It  will  be  observed  that  the  plain  flap 

has  characteristics  which  fall  far  below  the  theoretical  for  deflections 

greater  than  10°.  As  would  be  expected,  however,  increases  in  flap 

deflection  increases  A  C  .  at  least  until  Sc-  =  60° 

'  o(  -  o 

where  an  optimum  appears  to  have  been  reached.  Also,  theory  does  predict 
the  proper  trend  of  the  flap  extent  effect,  flaps  of  greater  chord  producing 
greater  i  o(  -  o  '  without  doubt  an  optimum  flap  length 

as  well  as  an  optimum  deflection.  The  meager  amount  of  existing  data 
indicates  that  the  optimum  plain  flap  has  a  chordwise  extent  of  approximately 
40^  c,  although  it  is  possible  that  this  value  may  vary  somewhat  for 
different  profiles  under  different  free  stream  conditions. 

The  empirical  curves  of  Fig.  78  should  hold  quite  well  for  plain  flaps 
of  small  gap  width  under  any  free-stream  conditions  and  for  any  profile. 
Unusually  wide  or  poorly  designed  gaps  may  lower  the  curves  by  amounts  up  to 
about  Ac  I  =  .3  at  Sp  =  60°,  while  the  use  of  sealed  gaps  may 
raise  the  curves  by  a  A  C  j  =Jat  =  60°.  These  values 
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may  be  seen  to  be  of  approximately  the  same  magnitude  as  the  possible  error  due 
to  profile  and  free-stream  variations. 

Perhaps  even  simpler  than  the  plain  flap  from  the  mechanical  point  of 
view  is  the  split  tra i I  inq-edge  flap  (Fig.  27)  which  is  generally  formed  oy 
deflecting  the  aft  portion  of  the  lower  surfaces  about  a  hinge  point  on  this 
surface  at  the  forward  edge  of  the  deflected  portion.  Like  the  plain  flap, 
the  split  flap  derives  its  increased  lifting  power  from  an  increase  in 
effective  camber.  Some  variations  of  the  split  flap  have  been  employed,  such 
as  the  "zap”  type  flap,  which  employs  a  movable  hinge  line  to  increase  the 
effective  wing  area  as  the  flap  is  deflected.  As  with  the  plain  flap 
configuration,  the  more  important  design  parameters  affecting  the  aerodynamic 
characteristics  of  the  profile  with  split  flap  are  those  with  basis  in 
theory,  flap-chord  ratio  and  flap  deflection. 

Figure  79  presents  the  results  of  an  empirical  study  of  the  effects 
of  split  flap  deflection  upon  circulation.  Again,  as  with  Fig.  78,  theoretical 
curves  (based  on  the  plain  flap)  have  been  included  for  purposes  of  comparison. 
The  same  trends  as  were  noticeable  with  the  plain  flap  may  be  observed  here. 

It  will  be  noted,  comparing  Figs.  78  and  79,  that,  in  the  high  deflection  regime, 
the  split  flap  achieves  considerably  more  lift  increase  than  the  plain  flap. 
However,  for  <5  p  's  of  less  than  20°,  the  two  flap  types  have  closely 
identical  characteristics.  Although  the  reason  for  the  superiority  of  the 
split  flap  in  the  high  deflection  region  is  not  clear,  if  may  be  found  that 
over  the  upper  rear  surface  of  the  airfoil  there  are  no  abrupt  breaks  or 
changes  in  surface  curvature  as  there  are  over  the  plain  flap.  Thus  the 
flow  will  tend  to  remain  unseparated  to  the  trai I  ing-edge  and  permit  the 
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effective  stagnation  region  to  be  at  a  lower  position  aft  of  the  fra i  I ing-cdge 
than  would  be  the  case  with  the  plain  flap.  Optimum  flap  deflection  for  the 
split  flap  seems  to  be  approximately  75^^,  while  optimum  flap  chord  appears 
to  be  about  40^  c.  Figure  79  is  based  upon  results  of  investigations  using 
split  flaps  which,  when  retracted,  have  tra i I  ing-edges  which  coincide  with 
the  profile  trai I ing-edges.  Although  this  is  the  usual  case,  several 
configurations  have  been  designed  where  flap  length  bears  no  unique  relatiot'ship 
to  tlap  hinge  position.  The  curves  of  Fig.  79  cannot  be  fexpected  to  hold  good 
for  use  with  such  systems. 

If  information  on  an  extensible  split  flap  is  desired,  a  rough 
approximation  -  as  to  its  characteristics  may  be  made  through  redefining  its 
chord  length,  estimating  its  coefficients  as  a  normal  split  flap  based  on  the 
new  chord  length,  and  then  seal ing  the  coefficients  so  that  they  are  based 
0.0  the  original  chord  length.  In  cases  where  a  large  flap  is  moved  back 
close  to  the  tra i I i ng-edge,  it  may  prove  somewhat  more  accurate  to  treat 
the  extensible  spl it  flap  as  a  plain  flap  on  the  extended  chord  length. 

The  term  "slotted  flap”  covers  a  vast  variety  of  flap  configurations 
which  range  from  a  simple  hinged  flap  with  a  slot  directly  forward  to  devices 
of  great  mechanical  complexity  which  are  more  like  multiple  slotted,  extensible 
wings.  Here  only  the  more  important  configurations  will  be  covered,  with  the 
two  main  classes  being  divided  into  "single-siotted"  flaps  and  "double-, slotted" 
flaps  (Fig.  27). 

Slotted  flaps  permit  Increases  in  A  C.  in  three  ways; 

cf  -  O 

by  increasing  effective  camber  as  do  the  plain  and  split  flaps,  by  boundary 
layer  control  on  the  flap  upper  surface  created  by  the  air  ducted  through  the 
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slot  or  slots,  and  by  increasing  the  length  of  the  airfoil  chord  as  a 
trail ing-edge  extension.  The  first  two  of  these  effects  may  be  seen  to 
increase  profile  circulation  and  are  present  with  any  reasonably  designed 
slotted  flap.  The  third  effect  need  not  be  designed  into  the  configuration, 
but,  mostly  for  reasons  of  physical  necessity,  may  be  found  present  on  the 
major ity  of  designs. 

.Temporarily  disregarding  chord-extension,  the  slotted  flap  achieves 
circulation  gains  over  the  plain  flap  in  the  following  manner;  with  the  plain 
flap,  the  turbulent  boundary  layer,  upon  passing  over  the  flap  hinge 
position,  thickens  and  the  flow  next  to  the  flap  surface  loses  much  of  its 
energy  and  rapidly  begins  to  display  the  reverse  flow  characteristic  of  a 
separated  region;  on  the  other  hand,  the  slotted  flap,  by  virtue  of  Its 
geometry,  directs  a  jet  of  relatively  high  energy  air  into  the  boundary 
layer  immediately  adjacent  to  the  flap  surface  —  thereby  re-energizing  this 
layer  and  delaying  separation.  Thus  a  properly  designed  slotted  flap  can  be 
expected  to  permit  greater  flap  deflections  before  separation  proceeds  to 
produce  marked  fall -offs  in  flap  effectiveness.  For  this  reason,  degree  of 
circulation  (  A  Cj  ^  ^  )  can  be  considerably  greater  for  the 

slotted  flap  than  for  either  the  plain  or  split  flap  of  like  chord  and 
deflection. 

A  typical  single  slotted  flap  configuration  is  shown  in  Fig.  80A.  It 

will  be  seen  that  chord  extension  can  be  expressed  by: 

C-F 

chord  extension  =  Cg—  ■+-  —  I 

where:  da  and  “Af  '^i  ;?c/IOO 

and:  C  =  profile  chord  with  flap  undeflected. 
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Since  lift  coefficients  are  based  on  the  originai  chord  length  it  is  obvious, 
and  checked  in  practice,  that,  barring  other  changes,  the  longer  the  effective 
chord  the  higher  will  be  the  lift  coefficient  for  a  given  angle  of  attack. 

In  general,  however,  design  chord  extension  is  so  small  that  fhis  effect  is 
nearly  lost  alongside  the  more  powerful  effects  of  camber  and  boundary  layer 
control  of  the  flap. 

The  major  physical  parameters  affecting  the  aerodynamic  efficiency  of  the 
single  slotted  flap  are  flap  size,  flap  deflection,  the  chordwise  location  of 
the  slot  lip,  and  the  slot  shape.  The  slot  shape,  in  turn,  is  controlled  by 
the  combination  of  slot-entry  shape,  slot-lip  shape,  and  the  position  of  the 
flap  with  respect  to  the  slot  lip.  All  of  these  parameters  except  flap  size  and 
deflection  affect  the  boundary-layer-control  action  of  the  slot.  Fig.  SOB  shows 
typical  slot-entry  configurations,  while  Fig.  80C  presents  two  typical  flap 
nose  configurations.  The  possible  effects  upon  lift  of  slot  entry 
configuration  and  flap  position  are  indicated  in  Fig.  81.  The  sensitivity 

I  4i.» 

of  maximum  lift  coefficient  to  small  changes  in  flap  position  and  the  variation 
of  optimum  flap  position  with  changes  in  slot  entry  shape  are  here  clearly 
demonstrated. 

It  Is  obvious  that  prediction  of  the  effects  of  slot  shape  and  location 
upon  A  C|  is  extremely  difficult.  In  addition  to  the  many 

important  geometric  parameters  mentioned  above  and  their  possible  cross-effects, 
it  is  thought  that  Reynolds  Number  can  create  changes  in  B.L.C.  capabil  ity  due 
to  possible  alterations  in  slot  characteristics  with  scale.  Further,  the  size 
and  shape  of  the  flap  and  slot  are  often  dependent  upon  the  original  airfoil 
section  as  well  as  upon  mechanical  feasibility.  Thus  the  flap  that  appears 
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best  on  any  given  airfoil  may  not  be  optimum  on  another.  Also,  from  the 
point  of  view  of  both  the  structural  and  shape  limitations,  it  is  often 
impractical  to  build  a  wing  duplicating  the  best  wind-tunnel  model. 

It  would  seem  that  the  optimum  flap  location  and  slot  shape  can  be 
determined  only  by  laborious  experimental  trial  and  error,  and  to  a  large 
extent  this  is,  indeed,  true.  However,  a  general  rule  can  be  used  as  an  aid 
in  designing  the  flap  location  and  slot  shape.  This  is  that  the  flap  should 
form  a  converging  passage  with  the  slot  entry  and  slot  lip  so  that  no  separation 
can  occur  within  the  slot  nozzle.  It  is  also  important  that  at  the  exit  the 
flow  be  directed  so  that  it  flows  smoothly  tangent  to  the  flap  upper  surface. 

With  the  exception  of  stating  the  above  rule,  no  attempt  will  be  made 
here  to  predict  the  variation  in  A  C|  due  to  alterations  in  slot 

shape  and  flap  position.  In  lieu  of  such  a  prediction,  the  table  of  Fig.  82 
is  presented  so  as  to  give  some  indication  of  what  might  be  expected  of 
various  slot  configurations  when  applied  to  several  different  profiles. 

(Flap  nose  shape  and  slot  entry  configuration  are  denoted  by  letters  corresponding 
to  those  for  the  shapes  given  in  Figs.  SOB  and  80C.)  Although  lift  coefficients 
are  given  here  as  C|  ,  general  trends  in  C|  -o  inferred — 

particularly  for  the  case  of  various  slot  configurations  applied  to  one  given 
prof  i  le. 

Double-slotted  flaps  are  similar  to  the  single  slotted  variety  with  the 
exception  of  an  additional  turning  vane  located  ahead  of  the  flap.  In  this  way, 
a  double  nozzle  Is  provided  giving  a  greater  boundary  layer  control  effect 
and  greater  turning  power.  The  important  design  parameters  are  the  same  as 
with  single  slotted  flaps  except  that  the  position  and  angle  of  the  turn 
vane  must,  of  course,  be  considered. 
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Figure  83  demonstrates  the  typical  double-slotted  flap  configuration  in 
both  the  retracted  and  extended  position.  It  will  be  noted  that  for  the 
double-slotted  configuration  it  is  quite  standard  to  provide  a  slot-entry 
skirt  on  the  profile  lower  surface.  Indeed,  many  single  slotted  flaps 
utilize  such  a  device.  The  slot-entry  skirt  is  provided  primarily  to  reduce 
drag  when  the  flap  is  in  a  retracted  position,  and  has,  in  general,  been 
found  to  continue  to  maintain  a  minimum  drag  even  after  the  flap  has  been 
extended.  Increases  in  skirt  extent  aft  do,  however,  produce  lift  decrements 
compared  with  the  no-skirt  case.  The  val'ues  of  deflection  and  magnitude  of 
skirt  extent  at  which  this  lift  decrement  may  become  large  seems  to  depend 
upon  the  geometry  of  the  overall  configuration  and  hence  there  is  no  means 
currently  available  through  which  prediction  could  be  attempted. 

Contours  of  maximum  lift  attainable  as  a  function  of  slot  shape  is  shown 
for  both  upper  and  lower  slots  of  a  double-slotted-f lapped  profile  in  Fig.  84, 
As  with  the  single  slotted  flap,  it  can  be  seen  that  lift  increment  is 
extremely  sensitive  to  slight  variations  in  slot  shape.  This  extreme 
sensitivity,  the  short  supply  of  methodical  data,  and  the  ever  present 
possibility  of  large  Reynolds  Number  effects  upon  slot  characteristics  prevent 
attempts  to  indicate  the  effects  upon  profile  lift  of  the  numerous  geometric 
variables  inherent  in  the  double-slotted  flap  design.  Figure  85  has  thus  been 
presented  as  a  partial  summary  of  results  achieved  to  date. 

Figure  86  has  been  drawn  up  to  provide  some  means  of  predicting  the 
lifting  characteristics  of  the  single-slotted  and  double-slotted  flaps. 

These  curves  have  been  faired  from  highly  scattered  data  and  thus  are  of 
value  only  for  very  preliminary  design  purposes.  Detail  flap  geometry  was 
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found  to  alter  AC,  ^  _  as  much  as  a  20^c  change  in  flap  chord 

*  —  o 

ratio.  It  was  therefore  decided  to  plot  these  curves  for  an  "average"  flap 
design — not  too  bad,  but  still  not  optimum.  In  this  way,  a  30^c  slotted  flap, 
for  instance,  can,  if  very  well  designed,  have  characteristics  corresponding 
to  the  AO^c  curve.  On  the  other  hand,  a  poorly  designed  slotted  flap  of  this 
chord  extent  will  yield  lifting  characteristics  closely  similar  to  those 
shown  for  the  20^c  flap.  Through  consideration  of  this  observed  spread  due 
to  slot  shape  variations,  etc.,  it  is  hoped  that  the  designer  may  get  some 
additional  feeling  for  the  importance  of  such  "details"  within  the  framework 
of  the  overall  picture. 

It  will  be  noted  from  Fig.  86  that  the  boundary  layer  control  provided 
through  the  use  of  slots  enables  the  flap  to  much  more  closely  achieve  its 
theoretical  potentialities.  Also,  the  double-slotted  flap  is,  on  the  average, 
considerably  superior  to  the  single-slotted,  particularly  in  the  high-deflection 
regime.  As  with  the  plain  and  split  flaps,  a  Cp/C  of  approximately  40^  seems 
nearly  optimum,  while  deflections  of  greater  than  75®  may  well  be  practical. 

It  should  be  remembered  that  the  chord  extension  normally  found  with  slotted 
flaps  has  already  been  included  in  these  curves.  This  is  usually  a  very  small 
effect  for  the  case  of  the  single-slotted  flap  and  seldom  is  the  chord 
extended  by  more  than  IOj^-15^  through  deflection  of  double-slotted  flaps. 
Undoubtedly,  larger  vanes  and  larger  flaps  with  greater  extensions  would  give 
greater  lift  coefficients  based  upon  the  original  chord  length,  but  this  soon 
becomes  ridiculous  from  the  points  of  view  of  practical  construction  and 
trimming  the  large  nose-down  pitching  moment. 
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Comparison  of  Figs.  78,  79,  and  86  indicates  that  even  when  its  design  is 
considerably  far  from  optimum  the  single-slotted  flap  may  be  expected  to  yield 
greater  lift  increases  than  the  plain  or  split  flap.  Thus  flap  selection  is 
seen  to  be  a  matter  of  overall  aerodynamic  efficiency  versus  space,  weight,  and 
complexity  limitations.  As  is  well  known,  slotted  flaps  have  generally  been 
considered  practical  only  for  large  aircraft,  but  here  their  superiority 
to  the  other  forms  of  "unpowered"  flap  is  undenied. 

The  typical  effect  of  flap  deflection  upon  profile  drag  is  demonstrated 
in  Fig.  87.  It  will  be  noted  that  while  the  profile  with  undeflected  flap 
gives  minimum  drag  in  the  low  lift-coefficient  range,  minimum  drag  is  attained 
with  some  finite  deflection  in  the  high-lift  regime.  As  lift  coefficient  is 
increased,  greater  and  greater  deflections  are  required  for  minimum  drag.  It 
may  further  be  seen  from  this  plot  that  increased  flap  deflection,  at  angles 
of  attack  well  below  stall,  provides  an  increment  to  profile  drag  which  is 
closely  a  linear  function  of  deflection  angle,  (t  is  thus  felt  that  the  effects 
of  trai  I ing-edge  flaps  upon  profile  drag  can  best  be  described  and  compared 
through  use  of  two  concepts:  (I)  change  in  profile  drag  coefficient  at  constant 
angle  of  attack,  OC  =0°  for  instance,  and  (2)  the  minimum  drag  envelop 
polar,  plotting  minimum  drag  coefficient,  regardless  of  flap  deflection 
necessary,  vs.  section  lift  coefficient. 

, Figure  88  compares  the  envelop  minimum  drag  polars  of  a  profile  with  a 
plain  and  split  flap.  All  other  variables  are  identical.  It  can  be  seen 
that,  for  lifts  greater  than  that  attainable  with  the  base  profile  alone,  the 
split  flap  will  show  lesser  drag  for  a  given  lift.  This  is,  of  course, 
simply  a  reflection  of  the  split  flap's  apparent  ability  to  achieve  greater 
deflections  than  the  plain  flap  without  creating  excessive  flap  separation. 
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The  effects  of  flap  type  and  profile  thickness  on  increment  in  profile 
drag  due  to  flap  deflection  at  Oc  =  0°  are  shown  in  Fig.  89.  Profile 
thickness  may  be  seen  to  have  a  relatively  large  effect  upon  constant 
profile  drag,  at  least  on  the  basis  of  these  split  flap  tests.  Figure  89B 
indicates  that,  although  the  split  and  plain  flaps  yield  clo.sely  the  same 
drag  increment  with  deflection,  the  slotted  flap  can  be  designed  to  operate 
with  only  2/3  the  drag  increment  created  by  the  other  flap  types.  The 
effect  of  flap  chordwise  extent  is  also  demonstrated  here,  flaps  of  greater 
extent  yielding  greater  drag  by  virtue  of  the  more  extensive  separation 
region  created. 

Figure  90  demonstrates  the  effect  of  profile  thickness  and  Reynolds 
Number  upon  the  minimum-drag  envelop  polars.  There  would  appear  to-be 
little  effect  from  either  thickness  variation  or  scale,  the  thicker  profile 
yielding  slightly  higher  drags  for  a  given  lift  and  increases  in  Reynolds 
Number  permitting  some  drag  reduction. 

Available  indications  are  thus  that  flap  type  and  possible  flap 
extent  can  alter  the  minimum-drag  envelop  polar  to  a  greater  degree  than 
could  any  effects  of  Reynolds  Number  and  profile  thickness.  Generally, 
the  latter  two  could  be  considered  negligible.  Flap  deflection  cannot 
enter  in  by  virtue  of  the  definition  of  the  minimum-drag  envelop  polar. 

In  the  case  of  drag  increment  at  zero  angle  of  attack,  flap  deflection 
will  become  a  variable  as  will  profile  thickness.  Flap  type  and  flap 
extent  will  also  affect  drag,  although  Reynolds  Number  changes  probably 
will  have  only  an  insignificant  effect. 
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Figures  91,  92,  and  93  attempt  to  predict  as  closely  as  possible  the  drag 

characteristics  of  plain,  split,  and  slotted  flaps  as  functions  of  the 

variables  which  seem  of  greatest  importance.  The  ACc/o  curves  are 

e<  5-0 

based  upon  results  tor  a  relatively  thick  profile  (t/c  ^20^).  Figure  89 
may  be  used  to  correct  the  curves  to  other  thicknesses,  although  the 
accuracy  of  these  plots  may  not  justify  such  a  rigorous  procedure.  It 
may  be  seen  that  the  plain  and  spl  it  flaps  have  very  nearly  the  same 
characteristics  while  the  slotted  flap  would  be  expected  to  provide  lesser 
drag  increments  at  C<  =  0°.  The  envelop  minimum  drag  polars,  which  are 
perhaps  of  greater  practical  interest,  were  obtained  from  information 
contained  in  Ref.  45.  The  variation  of  minimum  drag  with  flap  chord  ratio 
is  normally  small,  but  may  become  important  for  high  deflections  and  large 
lift  coefficients.  It  will  be  noted  that  flap  type  also  makes  little 
difference  upon  the  envelop  minimum  drag  polar  in  the  low  lift  range. 

However,  the  slotted  flap  delays  the  sharp  upward  swing  of  the  polar  to 
greater  lift  coefficients  than  Is  the  case  with  the  other  two  flap  types. 

It  should  be  pointed  out  that  the  drag  increment  given  in  these  plots  is 
the  increment  beyond  that  for  the  profile  with  flap  undef I ected--not  an 
increment  beyond  the  base-  profile  drag.  Thus  the  slotted  flap  may  reveal 
comparatively  higher  drag  increment  (with  respect  to  the  base  profile) 
than  are  indicated  because  of  its  normally  poor  drag  characteristics  when 
undeflected. 

Pitching  moments  created  through  the  deflection  of  plain,  spl  it,  and 
slotted  flaps  are  predicted  in  Figs,  94,  95,  and  96.  The  ratio  of  pitching 
moment  coefficient  to  lift  increment  caused  by  the  deflection  of  a  plain 
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flap  can  be  showi\  by  thin  airfoil  theory  to  be  dependent  only  upon  flap* 
chord  ratio.  Experimental  data  given  in  Fig.  94  Indicate  that  the  theoretical 
relationship  is  actually  closely  obtained.  The  split  flap,  Fig.  95,  yields 
pitching  moment  increments  which  are  rather  further  from  the  thin  airfoil 
prediction  than  the  plain  flap  results.  This  discrepancy  is  without  doubt 
due  in  the  main  to  the  fact  that  the  airfoil  with  split  flap  deflected  creates 
a  configuration  which  is  quite  different  from  the  theoretical  (which  is  at 
least  approximated  by  the  plain  flap).  The  slotted  and  double  slotted  flaps 
can  be  seen  from  Fig,  96  to  create  pitching  moments  somewhat  in  excess  of 
those  for  the  split  and  plain  flaps.  For  the  prediction  of  siotted-flap 
pitching  moments,  flap-chord  ratio  and  airfoil  chord  must  be  redefined  on 
the  basis  of  total  chord  with  flap  extended.  The  same  may  be  said  for  the 
case  of  the  extensible  split  flap.  The  presentation  of  Figs.  94,  95,  and 
96  assumes  that  dCm/dCL  about  a  given  point  on  the  profile  is  equal  to  zero 
and  that  flap  deflection  changes  only  Cmac*  These  assumptions  are  felt  to 
be  sufficiently  close  to  the  truth  to  make  these  figures  useful  as 
preliminary  design  tools, 

3.2g  Powered  Trai I  inq-Edqe  Flaps 

The  search  for  higher  and  higher  values  of  lift  has  led  to 
the  application  of  power  in  the  form  of  suction  or  blowing  to  the  flow 
passing  over  deflected  flaps  in  order  to  overcome  the  separations  produced 
by  the  larger  deflection  angles.  These  applications,  as  shown  by  Fig.  97, 
have  ranged  ali  the  way  from  controlling  the  turbulent  boundary  layer  over 
the  entire  profile  to  concentrated  suction  and  blowing  slots  in  the  region 
of  the  flap  leading  edge.  Since  control  of  the  entire  profile  is  really  a 
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combination  of  a  leading  and  trailing  edge  control  system,  it  will  not  be 
treated  in  this  section,  attention  being  concentrated  only  on  those  systems 
which  apply  power  in  the  region  of  the  flap. 

A  distinction  must  be  drawn  between  the  use  of  suction  or  blowing  for 
the  purpose  of  flap  lift  augmentation,  The  use  of  suction  produces  fhe  results 
demonstrated  in  Fig,  98,  As  indicated  by  Ringleb  (Ref.  71)  the  purpose  of 
the  suction  slot  (or  region,  in  the  case  of  perforated  or  porous  suction 
systems)  is  to  remove  a  sufficient  amount  of  low  energy  boundary  layer  air 
to  permit  the  flow  to  make  the  turn  at  the  flap  leading  edge  and  to  remain 
attached  up  to  the  trailing  edge,  thereby  achieving  the  lift  values 
indicated  by  potential  theory.  As  demonstrated  in  Section  3.2C,  the  location 
of  a  sink  on  the  upper  surface  will  in  itself  produce  a  I ift  increment,  but 
this  tends  to  become  negligibly  small  as  its  location  is  moved  forward. 

Since  most  of  the  systems  of  practical  interest  will  have  the  suction 
located  from  20^  to  30^  of  the  chord  forward  of  the  trailing  edge,  except 
at  extremely  high  values  of  suction  coefficient.  The  sink  effect  can  be 
completely  neglected. 

A  blowing  flap  can,  however,  achieve  appreciable  lift  increases  in 
several  ways.  First  of  all,  by  adding  energy  to  the  boundary  layer,  flap 
attachment  and  the  resulting  lift  increment  can  be  obtained.  In  addition, 
the  flow  leaving  the  trailing  edge  has  a  residual  momentum  and  produces  a 
direct  thrust-lift  component.  Finally,  as  explained  in  Section  3. 2d,  the 
blowing  jet  due  to  this  residual  momentum,  possesses  a  stiffness,  resisting 
turning  by  the  free  stream  and  hence  supporting  a  pressure  differential, 
thereby  acting  as  a  flap  chord  extention.  These  two  effects  couple  to 
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produce  an  appreciable  lift  increase  with  increasing  blowing  quan1 ity  even 
after  flow  attachment  as  demonstrated  by  Fig.  99. 

The  above  discussion  has  been  limited  to  the  cases  of  plain  or  slotted 
flaps.  It  must  be  pointed  out  that  although  these  are  by  far  the  nxDst 
common  types  of  powered  systems,  other  arrangements  have  been  tested. 

Typical  of  these  is  the  combination  of  trailing  edge  suction  with  a  split 
flap.  This  arrangement  was  tried  since  it  was  felt  that  the  addition  of 
the  split  flap  would  enable  the  location  of  the  trailing  edge  slot  to  be 
moved  further  aft  on  the  profile  by  reducing  the  amount  of  overhang  of 
the  lower  slot  lip  required,  perhaps  even  to  the  extent  of  permitting  the  slot 
to  be  located  on  the  under  surface  of  the  profile  trail  ing  edge,  thus 
inducing  flow  from  the  upper  surface  around  the  trailing  edge  and  creating 
very  high  values  of  lift.  These  hopes  were  based  on  the  fact  that, 
theoretically  at  least,  the  trailing  edge  stagnation  point  is  located  at 
the  trailing  edge  of  the  flap  and  that  the  region  between  the  deflected  flap 
and  the  trailing  edge  of  the  profile  was  occupied  by  a  stagnation  region 
which  could  be  readily  influenced  if  the  flow  from  the  upper  surface  were 
directed  downward  with  sufficient  energy. 

A  model  was  tested  at  Princeton  (Refs.  6I  and  70)  equipped  with  a 
trailing  edge  slot  with  a  variable  lower  surface  adjustable  in  such  a  manner 
that  either  an  over-  or  under-  hang  could  be  achieved,  depending  upon 
whether  it  was  desired  to  lead  the  flow  from  the  upper  or  lower  surface. 

As  was  anticipated,  it  was  found  that  the  optimum  slot  location  was 
different  from  that  of  the  unflapped  profile,  fhe  over-hang  being  roughly 
only  one-half  as  large,  but  the  best  slot  location  remained  on  the  upper 
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surface  of  the  profile  and  except  for  the  optimum  slot  shape,  the  effects 
of  trailing  edge  suction  and  flap  were  not  additive.  Figure  100  illustrates 
typical  results  with  this  optimum  trailing  edge. 

It  will  be  noted  that  at  the  lower  values  of  flap  deflection  and 
suction,  a  favorable  increase  of  lift  increment  is  experienced,  but  this 
effect  decreases  with  increasing  flap  deflection,  diminishing  until  at 

=  60°  the  effect  of  flap  and  suction  are  merely  additive.  Varying 
the  point  of  flap  attachment  to  the  profile  had  no  significant  effect 
upon  these  results,  although  it  seems  reasonable  to  assume  that  in  the 
flapped  case,  as  with  the  plain  profile  carrying  the  slot  aft,  making  it 
smaller,  and  going  to  higher  powers,  would  produce  higher  lift  increments. 
0ut  these  tests  were  not  carried  out. 

The  explanation  of  the  behavior  of  this  system  could  at  once  be  seen 
from  the  smoke  tunnel.  When  the  split  flap  was  deflected  slightly,  the 
flow  left  its  trailing  edge  smoothly,  and  trailing  edge  suction  permitted 
a  streamline  from  the  upper  surface  to  stagnate  on  its  trailing  edge 
producing  a  considerable  change  in  lift.  However,  as  the  split  flap 
deflection  was  increased,  vortices  began  to  be  shed  from  its  sharp  trailing 
edge  and  the  resulting  flow  disturbances  broke  down  the  flow  established 
by  the  trailing  edge  suction.  The  problem  could  thus  be  resolved  to  one 
of  flow  instab  i  I  ity . 

On  the  basis  of  these  findings,  it  was  decided  to  investigate  the 
possible  use  of  a  blowing  jet  issuing  over  the  deflected  flap.  The  decision 
to  utilize  such  a  system  was  greatly  influenced  by  previous  smoke  tunnel 
studies  of  the  nature  of  blowing  jets,  in  which  two  outstanding  properties 
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of  such  jets  had  become  clear.  The  first  of  these  was  the  tendency  for  the 
low  pressure  region  produced  by  the  velocity  of  the  jet  to  influence  the 
external  flow  field  in  a  manner  similar  to  a  line  of  distributed  sinks,  and 
the  second  was  the  ability  of  the  blowing  sheet  to  seemingly  extend  the 
chord  of  the  deflected  flap. 

A  series  of  investigations  resulted  in  the  configuration  shown  in 
Fig.  101.  Test  results  with  this  configuration  have  been  extremely 
promising,  but  there  are  so  few  data  existing  that  it  is  impossible  at 
this  time  to  develop  any  method  by  which  intelligent  predictions  of  the 
performance  of  This  or  any  similar  system  may  be  made.  The  scarcity  of 
available  information  makes  it  essentially  impossible  to  predict  the  lift 
increment  to  be  obtained  from  a  controlled  flap  system  with  any  degree  of 
accuracy  and  although  the  following  information  is  offered  as  an  indication 
of  trends  and  of  gross  effects  it  cannot  in  any  sense  be  considered  as 
design  information. 

In  the  case  of  suction  flaps,  a  considerable  variation  in  the 
performance  of  the  various  proposed  schemes  of  control  occurs  in  the  lower 
ranges  of  suction  coefficient.  This  variation  arises  from  the  varying 
effectiveness  of  the  suction  configurations  in  attaching  the  flow  to  the 
deflected  flap.  Once  the  flow  is  attached  most  of  the  systems  demonstrate 
similar  relationships  between  and  'C.q  (namely  a  slightly 

increasing  lift  due  primarily  to  the  sink  effect).  One  exception  to  this 
generality  is  the  case  of  distributed  suction  which  if  intelligently  applied 
over  the  entire  profile  can  produce  and  maintain  attached  flow  for  very  low 
values  of  power  and  suction.  Since  such  a  system  is  sensitive  to  clogging 
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with  ice,  rein  and  dast,  there  has  been  considerable  opposition  to  its  use 
although  Raspet  and  others  data  to  have  de«,nstrated  that  these  problems 

can  be  overcome. 

If  one  excepts  the  distributed  suction  case,  the  most  efficient  form 
of  suction  slot  is  the  cusp  or  "trapped  vortex"  arrangement  similar  to 
that  shoen  in  Fig.  102.  A  summary  of  the  available  information  about  such 
a  system  is  presented  in  Fig.  103.  In  general  it  would  appear  that  below 
a  suction  coefficient  of  .025  experimental  dat.atcut  the  particular  system 
under  consideration  must  be  obtained  while  above  this  value  the  theoretical 

methods  proposed  by  Ringleb  (Ref.  71)  can  be  used. 

Blowing  systems  have,  in  the  past,  found  more  favor  than  suction 
arrangements,  primarily  for  two  reasons.  The  first  is  the  simpi icity  with 
which  such  an  arrangement  can  be  applied,  particularly  if  the  application 
Is  being  made  to  a  jet  aircraft  with  bleed  air  readily  available  from  Its 
compressor  and  the  second  Is  the  fact  that  the  additional  lift  Increment 
available  from  the  combination  of  the  Jet  momentum  and  Jot  flap  effects 
is  much  greater  than  that  to  be  expected  from  the  sink  effect  of  a  suction 

system. 

Helmbold  in  a  Fairchild  Aircraft  intercompany  report  entitled  the 

nf  the  F  i  n  i+p-<^pF,n  Blowino  Wj^  has  proposed  the  following  expression 

for  the  two-dimensional  lift  of  a  blowing  airfoii  system. 

2.Tr5lhO<  (3.2gl) 

where  the  angle 
def  ined  as 
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(3.2g2) 


where  Vj  =  jet  velocity 

V  =  the  free  stream  velocity 
h  =  jet  sheet  thickness 
c  =  airfoi  I  chord 

In  equation  (3.2gl)  the  first  term  represents  the  contribution  from  the 
direct  momentum  effects  of  the  jet,  the  second  term  the  contribution  of  angle 
of  attack  and  the  third  term  the  lift  induced  by  the  lifting  vorticity  of  the 
jet  sheet  (jet-induced  lift).  The  function  has  been  computed  for 

a  flat  plate  at  zero  angle  of  attack  with  the  jet  leaving  the  trailing  edge 
under  a  small  deflection  to  be  approximately  i(C^]  =-Tr\fc^  .  It  has 
been  found  that  this  value  is  satisfactory  for  preliminary  design  purposes. 

It  must  be  pointed  out  that  the  above  equation  should  be  based  on 
conditions  not  at  the  blowing  slot,  but  at  the  trailing  edge  of  the  flap. 
Little  information  about  the  losses  over  the  flap  is  currently  available, 
but  Fig.  105  shows  a  typical  experimental  result. 

Once  the  lift  increment  at  zero  angle  of  attack  of  such  a  powered  flap 
system  is  estimated,  the  rest  of  the  airfoil  characteristics  can  be 
estimated  by  the  methods  outlined  in  the  other  sections  of  this  report. 


3.3  THE  EFFECT  OF  LEADING-EDGE  DEVICES 
3.3a  Genera!  Discussion 

Increased  emphasis  on  high  speed  aircraft  in  recent  years 
has  led  to  the  use  of  thinner  and  thinner  wings  —  wings  characterized  by 
leading-edge  or  the  so-called  thin  airfoil  stall  as  described  in  Section  3.1 
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of  this  report.  Necessarily,  these  high  speed  profiles  yield  stall  at  quite 
low  angles  of  attack  and  hence  achieve  low  maximum  lift  coefficients.  This^ 
in  addition  to  the  low  aspect  ratio  and  high  wing  loading  typical  of  this 
type  of  aircraft,  has  created  increasingly  greater  minimum  flying  speeds 
and  hence  much  longer  take-off  and  landing  runs.  The  problem  thus  presented 
is  one  of  shortening  take-off  and  landing  distance  while  maintaining  very 
closely  the  same  high  speed  characteristics. 

Convertap lanes  and  V.T.O.L.  aircraft  represent  partial  solutions  of 
current  interest.  However,  at  present,  these  are  intended  as  special- 
mission  machines  of  an  experimental  nature,  and  cannot  now  be  considered 
truly  competitive  with  the  more  conventional  high  speed  aircraft.  Such 
techniques  as  drogue  chute  landings  and  the  use  of  high  oc  take-offs  to 
achieve  some  lifting  thrust  are  of  rather  limited  application.  It  is  felt 
that  a  solution  of  more  general  application  to  the  speed  range  problem 
(increased  lift  coefficient  can  also  be  utilized  to  increase  high  speed  by 
allowing  wing  area  reduction)  lies  in  the  use  of  I  ift- increasing  controls 
existing  as  integral  parts  of  the  wing  but  of  such  a  nature  as  not  to 
materially  damage  the  aircraft's  high  speed  performance. 

Although  tra i  I  ing-edge 'f laps  can  be  used  to  advantage  on  thin  airfoils, 
their  usefulness  is  somewhat  limited  due  to  the  tendency  toward  premature 
leading-edge  separation  induced  by  a  tra i I  ing-edge  circulation  control.  This 
is  particularly  true  in  the  three-dimensional  case,  some  configurations 
achieving  zero  or  even  negative  changes  in  maximum  lift  due  to  deflection 
of  trai I ing-edge  flaps.  Additionally,  tra i I ing-edge  flaps  are,  on  many 
designs,  severely  limited  in  possible  span  extent  and  cannot  be  utilized  at 
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all  in  the  case  of  the  tailless  aircraft  which  generally  requires  up-elevon 
for  low-speed  trim.  Further,  the  severe  nose-down  moment  created  by  the 
tra i I ing-edge  flap  is  often  considered  excessive. 

Many  investigators  believe  that  the  use  of  controls  located  at  or  near 
the  profile's  leading  edge  represents  the  most  logical  approach  to  increasing 
the  lift  capab i I  it  ies  of  the  leading-edge-stalling  thin  airfoil.  Certainly, 
the  potentiality  of  such  a  device  in  improving  the  efficiency  of  the  thin 

s 

airfoil's  tra i I ing-edge  control  is  undeniable.  In  addition,  many  forms  of 
the  leading-edge  type  of  control  appear  to  yield  benefits  tor  even  the  thicker 
profiles.  It  is  therefore  the  purpose  of  the  following  pages  to  describe 
the  aerodynamic  characteristics  of  several  leading-edge  controls  and  to 
attempt  wherever  possible  to  develop  semi-empirical  relations  for  use  in 
preliminary  performance  prediction.  While  granting  that  planform  optimizations 
can  well  be  utilized  to  improve  lift  and  that  the  three-dimensional  situation 
can  be  considerably  different  from  the  two,  only  two-dimensional 
characteristics  will  be  considered.  In  this  way,  many  confusing  variables 
will  be  eliminated  and  the  controls  may  be  analyzed  and  compared  more 
readily.  Also,  although  such  devices  appear  to  have  certain  advantages  in  the 
upper  region  of  the  aircraft's  speed  range,  the  lower-speed  phenomena  will 
be  emphasized  throughout  this  section. 

The  two-dimensional  aerodynamic  characteristics  of  the  following  leading- 
edge  controls  will  be  discussed: 

(1)  Leading-edge  flaps 

(2)  Leading-edge  boundary  layer  control  devices 
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References  treating  the  above  subjects  are  listed  in  the  bibliography. 
Information  presented  is  based  upon  these  references  as  well  as  the 
experience  of  the  Subsonic  Aerodynamics  Group,  Princeton  University,  in  the 
field  of  leading-edge  controls. 

In  many  areas  where  experimental  data  was  limited  or  non-existent,  it 
was  felt  advisable  to  resort  to  some  "calculated"  speculation  so  as  to 
perhaps  ind icate  the  direction  future  testing  might  take  as  well  as  to 
attempt  to  give  some  idea  regarding  expected  trends.  The  thinking  of 
Section  3. I f  was  used  extensively  in  these  more  speculative  regimes. 

Before  proceeding,  it  is  well  to  point  out  that  most  leading-edge 
controls  operate  by  one  or  both  of  two  principles: 

(1)  Altering  the  profile  geometrically  so  as  to  eliminate  or  alleviate 
the  characteristic  leading-edge  pressure  peak  normally  creating 
separat ion. 

(2)  Eliminating  or  delaying  separation  aft  of  this  pressure  peak 
through  energizing  the  boundary  layer. 

Certain  controls  have  the  additional  characteristics  of  increasing 
circulation,  delaying  tra  i  I  ing-edge  separation,  or  increasing  wing  area. 

3.3b  Leading-Edge  F laps 

Leading-edge  flaps  received  significant  attention  only  after 
thin  wing  research  was  well  advanced  and  it  had  become  cjvious  that  a  low 
speed  control  could  be  of  great  advantage  in  combination  with  this 
increasingly  important  wing  type.  Like  many  other  forms  of  boundary  layer 
control,  most  of  the  initial  developmental  work  was  done  in  Germany  during 
the  Second  World  War. 
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The  physical  feature  of  the  high  speed  (thin,  usually  uncambered)  profile 
acting  as  the  most  serious  deterent  to  its  maximum  lifting  capabilities  is 
the  relatively  sharp  leading-edge  which  allows  the  forward  stagnation  point 
to  move  only  a  short  distance  beneath  the  profile  before  creating  a 
negative  pressure  peak  of  sufficient  magnitude  to  initiate  laminar  separation 
at  this  sharp  leading-edge.  Therefore,  maximum  lift  is  achieved  at  rather 
low  angles  of  attack  and  is  consequently  limited  to  comparatively  low  values. 

The  leading-edge  flap  provides  a  means  of  redistributing  the  pressure 
over  the  profile  in  such  a  way  as  to  el iminate  the  pressure  peak  normally 
leading  to  premature  stall,  while  closely  maintaining,  through  increased 
effective  camber,  the  lift  capacity  of  the  original  profile  at  all  angles  of 
attack.  Airfoil  stall  would  then  be  determined  by  phenomena  characteristic 
of  higher  angles  of  attack  and  higher  lift  such  as  tra i I ing-edge  separation. 

Several  forms  of  leading-edge  flap  type  control  have  undergone  testing 
and  limited  full-scale  usage.  These  are  shown  in  Fig.  106  and  are: 

(1)  The  "droop  snoot" 

(2)  The  contoured  (articulated)  leading-edge  flap 

(3)  Flap  hinged  about  the  leading-edge  radius  (Kruger  flap) 

(4)  The  N.A.C.A,  upper-surface  leading-edge  flap 

(5)  The  N.A.C.A.  lower-surface  leading-edge  flap. 

The  "droop  snoot"  (Fig.  106a)  might  be  defined  as  a  contoured  leading- 
edge  flap  of  fixed  deflection  or  it  could  be  thought  of  as  simply  positive 
camber  applied  to  the  most  forward  portion  of  the  profile.  In  many 
instances  this  configuration  has  found  favor  for  use  with  high  speed  aircraft 
by  virtue  of  its  tendency  toward  low  profile  drag  at  cruise.  However,  as 
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nose  deflection  angle  must  generally  be  much  greater  for  optimum  take-off 
than  for  minimum  profile  drag  at  cruise,  the  variable  deflection  nose  flap 
is  considerably  more  effective  than  the  "droop  snoot"  in  increasing  the 
aircraft's  speed  range  —  although  only  at  the  cost  of  increased  mechanical 
complexity.  The  aerodynamic  properties  of  the  "droop  snoot"  are,  of  course, 
very  similar  to  those  of  the  contoured  leading-edge  flap  to  be  considered 
in  the  following  paragraphs. 

The  contoured  leading-edge  flap,  also  known  as  the  articulated  leading- 
edge  flap,  is  shown  in  Fig,  106b.  The  entire  nose  of  the  profile  is  hinged 
(usually  at  the  lower  surface)  in  such  a  manner  that  the  leading-edge  may  be 
deflected  downward  to  any  desired  angle  within  the  physical  limitations  of 
the  configuration.  Normally,  this  flap  is  fitted  with  an  arc-shaped 
trai  I ing-edge,  with  center  at  the  hinge  line,  so  as  to  maintain  rubbing 
contact,  at  all  values  of  nose  flap  deflection,  with  the  skirt  on  the  upper 
surface  of  the  fixed  portion  of  the  profile. 

The  contoured  flap  might  be  said  to  accomplish  the  delay  or  elimination 
of  leading-edge  separation  by  essentially  "chasing"  the  profile's  forward 
stagnation  point  as  it  attempts,  with  increasing  angle  of  attack,  to  move 
further  beneath  the  airfoil's  nose. 

Because  of  the  increase  in  effective  camber  due  to  nose  flap  deflection, 
this  stagnation  point  must  be  located  further  forward  on  the  lower  surface 
(and  thus  closer  to  the  profile  nose)  than  would  be  the  case  for  the  base 
profile  at  the  same  angle  of  attack.  Thus,  for  small  nose  flap  deflections, 
the  stagnation  point  does  not  reach  such  a  location  as  to  create  separation 
until  a  higher  angle  of  attack  is  attained,  and  leading-edge  stall  is  therefore 
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delayed.  For  greater  deflections,  the  stagnation  point  can,  even  at  high 
angles  of  attack,  be  located  extremely  close  to  the  leading-edge  or 
actually  on  the  flap  upper  surface.  If  this  is  the  case,  leading-edge 
stali  may  not  occur,  the  lift  now  being  limited  either  by  tra  i  I  ing-edge 
stall  or  flow  breakaway  from  the  rather  sharp  curvature  which  has  been 
created  above  the  flap  hinge  I  ine. 

Fig.  107  represents  an  attempt  to  graphically  illustrate  the  foregoing 
discussion.  As  flap  deflection  is  increased,  the  angle  of  attack  at  which  the 
stagnation  point  moves  from  the  upper  to  the  lower  surface  also  increases. 
Stall  angle  and  stall  type  depend  very  much  upon  this  variation.  If  the 
angle  of  attack  at  which  the  stagnation  point  has  moved  sufficiently 
beneath  the  nose  to  induce  leading-edge  stall  is  below  that  angle  of  attack 
where  tra i I ing-edge  separation  can  trigger  stall,  stall  will  be  of  the 
leading-edge  type.  If  now,  flap  deflection  is  increased  so  that  trail  ing- 
edge  separation  becomes  extensive  prior  to  that  angle  of  attack  where  the 
stagnation  point  achieves  its  maximum  distance  beneath  the  profile,  trail ing- 
edge  stall  may  well  occur.  In  this  range  of  flap  deflections,  it  seems 
that  a  flow  separation  is  possible  from  the  upper  surface  of  the  flap  hinge 
location.  The  occurrence  of  tra  i  I  ing-edge  separation,  hinge-line  separation, 
or  both  is  a  function  of  a  great  many  things  and  the  prediction  of  stall 
type  in  this  deflection  regime  can  be  quite  difficult. 

The  fall-off  in  angle  o.f  attack  for  maximum  lift  at  high  deflection 
values  shown  in  Fig.  107  may  be  attributed  to  the  occurrence  of  laminar 
separation  at  the  upper  surface  of  the  hinge  region.  This  h i gh -deflect ion 
phenomenon  is  caused  by  the  inability  of  the  leading-edge  stagnation  point 
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to  inove  suf <1  ic iently  beneath  the  profile  nose  to  induce  turbulent  flow  at 
the  hinge  sflation  prior  to  the  initiation  of  a  laminar  breakaway  or 
development  lof  a  large  bubble  at  this  station. 

Fig.  IfisA  demonstrates  the  effect  of  increasing  flap  deflection  on  a 
profile  at  iiuch  an  angle  of  attack  that  it  is  stalled  in  its  c^/  =0 

condition.  ^Deflecting  the  flap  10°  does  not  bring  about  stall  recovery. 

Fifteen  degrees  deflection,  however,  establishes  flow  reattachment.  As 
deflection  is  further  increased,  the  hinge-line  pressure  peak  builds  up  while 
the  leading^ edge  peak  decreases  in  magnitude.  At  35°  there  is  no  longer  any 
leading-edgp  peak.  This  is  indicative  of  the  stagnation  point  being 
approx imate|ly  on  the  leading-edge.  It  would  be  expected  that  further  increases 
in  nose  fiajP  angle  would  probably  generate  laminar  separation  at  the  hinge- 
I  ine  and  a  jreturn  to  the  stalled  condition  at  this  angle  of  attack. 

The  ef|fect  of  variations  in  angle  of  attack  upon  the  pressure. _ _ 

distr ibut icjns  of  a  profile  with  leading-edge  flap  deflection  30°  is  shown  in 
Fig.  1088.  |  The  undersurface  may  be  seen  to  be  partially  stalled  at 

^24.  At  an  angle  of  attack  of  6°,  the  forward  stagnation  point  is 
still  on  tile  profile  uppersurface,  the  separation  region  being  nearly 
el  iminated  I  however.  At  CiC  =  12°  the  stagnation  point  has  moved  to  the 
leading-ed^e.  Note  also  the  increase  in  magnitude  of  the  hingeline  pressure 
peak  with  Increased  angle  of  attack. 

Smoke^ photographs,  taken  in  the  Princeton  University  2"  by  36"  smoke 
tunnel,  of^ a  64-010  airfoil  with  and  without  contoured  leading-edge  flap 
are  shown  in  Fig.  109.  The  growth  of  the  leading-edge  bubble  is  evident 
for  the  unflapped  profile.  Final  stall  occurring  here  was  of  the  thin 
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airfoil  type.  The  deflection  of  the  leading-edge  flap  eliminated  the  leading-edge 
bubble  at  all  angles  of  attack.  Separation  occurs  in  this  case  as  a 
combination  of  tra i I ing-edge  separation  and  the  growth  of  a  laminar  (thin 
airfoil  type)  bubble  aft  of  the  upper  surface  hinge-line  area.  It  will  be 
noted  that  the  leading-edge  flap  has  served  to  delay  profile  stall.  While 
the  base  profile  has  completely  stalled  at  18°,  the  flapped  profile  is  only 
partially  separated  at  CX.  =  20°.  Note  the  steeper  smoke  line  approach  angle, 
indicative  of  greater  lift,  evidenced  by  the  latter  as  compared  with  the  18° 
base  prof i le. 

Prior  to  discussing  the  contour-flapped  profile's  characteristics  at 
and  near  stall,  it  might  be  well  to  consider  the  effects  of  this  leading- 
edge  control  upon  the  lift  curve.  Fig.  1 10  shows  curves  of  sectional  lift 
coefficient  vs.  angle  of  attack  for  a  typical  thin  profile  with  various 
deflections  of  its  contoured  leading-edge  flap.  The  major  effect  which  can 
be  seen  here  is  that  maximum  lift  is  increased  almost  entirely  by  virtue  of 
stall  angle  increases.  This  phenomercn,  which  is  typical  of  the  "boundary 
layer"  control  (as  opposed  to  the  "circulation"  control),  is  significant  in 
that  it  points  out  that  such  a  control  may  be  limited  in  its  practical 
applicability  by  considerations  of  aircraft  geometry  and  visibiiity.  Of 
course,  when  applied  to  variable  incidence  wings  or  wings  with  trail ing- 
edge  controls,  this  limitation  would  probably  cease  to  exist. 

Observing  Fig.  110,  it  can  further  be  seen  that  deflection  of  the 
contoured  flap  increases  both  angle  of  attack  for  zero  lift  and  lift-curve 

i 

slope  in  the  low  angle  of  attack  range.  Thin  profiles  with  deflected  nose 

flap  also  yield  a  characteristic  fall-off  of  slope  with  increasing  angle  of  I 

i 
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attack,  much  the  same  as  the  slope  ctiange  associated  with  the  thin  profile 
itself. 

Considering  a  given  angle  of  attack  in  the  base  profile  range  of  angles, 
as  nose  deflection  is  increased,  the  upper  surface  leading-edge  pressure  peak 
will  become  less  negative  and  finally  be  forced  positive.  Simultaneously,  a 
new  pressure  peak  will  be  formed  at  the  flap  hinge-line  which  will  become 
increasingly  negative  as  deflection  is  increased.  Unfortunately,  (for  the 
case  of  I ift  at  low  (X.  )  the  rate  of  change  of  the  hinge-1  ine  pressure  peak 
with  nose  flap  deflection  would  seem  to  be  less  than  that  for  the  leading- 
edge  peak,  thus  creating  a  situation  of  decreased  lift  at  CX  with  increased 
flap  deflection.  Added  to  this  is  the  spoiling  effect  leading-edge  flap 
deflection  has  upon  the  lower  surface,  causing  loss  of  lift  in  the  low  OC. 
regime,  particularly  at  high  deflections.  For  these  reasons,  angle  of  zero 
lift  is  made  more  positive  the  greater  the  deflection.  Although  this  would 
at  first  seem  contrary  to  the  expected  effect  on  this  parameter  of  what  is 
essentially  camber,  it  must  be  remembered  that, angle  of  attack  for  a  profile 
with  leading-edge  flap  is  based  upon  the  base  airfoil's  chord  line  while 
the  Identical  cambered  profile  has  an  angle  of  attack  defined  by  a  chord  line 
drawn  from  the  tra i  I  ing-edge  to  the  drooped  leading-edge.  Were  the 
definition  changed  here  to  that  for  a  cambered  profile,  one  would  see  at 
least  for  the  smaller  nose  deflections  where  undersurface  spoiling  is  not 
severe,  the  usual  effect  of  increasing  camber  producing  decreasing  angle 
of  zero  I  ift. 

The  higher  slope,  in  the  low  DC  range,  created  by  increased  leading- 
edge  flap  deflection  may  be  attributed  primarily  to  the  favorable  effect  on 
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undersurface  spoiling  of  increasing  angle  of  attack,  this  effect  quite 
logically  being  greater  the  greater  the  deflection.  It  is  possible  that, 
in  addition  to  tfese  viscous  phenomena,  there  is  an  overall  inviscid 
contribution  leading  to  increasing  slopes  with  the  larger  flap  deflections. 
As  thin  airfoil  theory  cannot  predict  such  slope  changes,  tests  were 
conducted  in  the  Princeton  University  electrolytic  plotting  tank  facility. 
These  tests  failed,  however,  due  to  point-scatter,  to  either  confirm  or  deny 
the  existence  of  this  slope  change  in  potential  flow. 

As  has  been  mentioned,  there  is  a  certain  non-linearity  in  the  lift 
curves  with  flap  deflected.  Slope  fall-off,  at  any  given  deflection,  is 
greater  for  the  thinner  profiles  —  curves  for  a  12^  airfoil  being  closely 
linear,  A  profile  with  given  flap  deflection  will  yield  a  lift  curve 
decreasing  in  slope  only  very  slightly  until  an  angle  of  attack  is  reached 
which  would  seem  to  closely  coincide  with  that  angle  at  which  the  stagnation 
point  has  moved  somewhat  beneath  the  flap  nose  producing  a  tendency  toward 
upper  surface  leading-edge  separation  (and  elimination  of  lower  surface 
separation).  From  this  point  on,  the  slope  generally  is  seen  to  decrease 
at  an  accelerated  rate  until  stall  occurs.  Rapid  slope  fall -off  thus  may 
be  expected  sooner  the  less  the  flap  deflection.  Thicker  profiles  yield 
practically  no  high-CsL  slope  fall-off  until  immediately  prior  to  staM, 
probably  because  of  the  existence  of  the  leading-edge  type  bubble  in 
separation  rather  than  the  more  powerful  th  in-alr.foi  I  type.  It  might  be 
pointed  out  that  the  relatively  thin  profile  with  no  flap  deflection  also 
retains  a  nearly  constant  slope  until  th in-airfoil  type  separation  is 
initiated,  at  which  point  fall -off  takes  place.  This,  of  course,  can  occur 
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at  very  low  angles  of  attack  for  the  profiles  of  sharper  leading-edge. 

It  is  possible  with  this  type  configuration  for  buffet  and  stall  to 
occur  at  the  lower  end  of  the  I if+  curve  (due  to  fairly  complete  undersurface 
separation)  even  at  positive  angles  of  attack.  However,  this  would  seem  to 
take  place  only  with  unusually  high  values  of  leading-edge  flap  deflection 
(Sn  =  45°). 

Fig,  III  and  112  represent  an  attempt  to  establish  empirical 
relationships  for  use  in  predicting  the  change  in  angle  of  zero  lift  and  low 
0(.  lift  curve  slope  due  to  flap  deflection  as  functions  of  profile 
thickness  and  leading-edge  flap  chord.  These  curves  have  been  obtained  from 
experimental  data  contained  in  Refj.  74  through  85  and  demonstrate  (I)  the 
effect  on  Oi-o. U.  slope  of  nose  deflection  and  profile  thickness  for 

profiles  with  leading-edge  flap  chord  equal  to  approximately  15^  profile 
chord  and  (2)  the  effect  of  altering  flap  chordwise  extent  from  that  of  15^. 
Some  mention  might  be  made  here  regarding  how  the  slopes  shown  in  Fig.  112 
were  measured.  These  slopes  were  taken  from  available  lift  curves  for  this 
type  of  configuration  through  use  of  a  secant  slope  between  C|  =  0  and  C|  =  .6. 
This  procedure  seemed  to  yield  as  good  or  better  correlation  between  profiles 
as  any  other  method  of  slope  measurement  on  this  rather  non-l inear  I  iff 
curve.  Maximum  variation  of  the  curve  from  the  secant  line  in  this  range 
was  only  A.  OC  =  . I  (curve  lying  to  the  left  of  the  secant  line).  This 
maximum  variation  occurred  for  the  thinner  profiles.  The  thicker  airfoils 
reveal  very  closely  a  linear  curve  in  this  regime,  coincident  with  the 
secant  I ine. 


CONFIDENTIAL 


I'jB- 

CONFIDENTIAL 

It  will  be  noted  from  these  empirical  curves  that,  for  a  given  flap 
deflection  greater  than  zero,  increases  in  profile  thickness  will  lower  the 
angle  of  zero  lift  and  lessen  the  lift  curve  slope.  This  thickness  effect 
is  greater  the  larger  the  flap  deflection  and  can  be  attributed  in  the  main 
to  the  relative  insensitivity  of  the  thicker  profiles  to  undersurface 
separation.  It  can  also  be  seen  that,  apparently  due  largely  to  an  . 
alteration  in  rate  of  change  with  nose  deflection  cf  upper  surface  pressure 
distribution  as  well  as  the  longer  region  of  adverse  pressure  gradient 
created  on  the  lower  surface,  the  effect  of  increase  in  leading-edge  flap 
chord  is  to  increase  both  angle  of  zero  lift  and  slope.  In  the  case  of 
o  L  '  effect  is  greater  for  the  larger  nose  flap  deflections, 

while  slope  change  due  to  change  in  flap  chord  would  seem  for  all  practical 
purposes  relatively  independent  of  deflection. 

Indications  are  that,  with  reasonable  cleanliness  of  leading-edge  flap 
installation,  there  should  be  no  significant  difference  in  lift  curve  prior 
to  stall  between  the  base  (no-flap)  profile  and  the  same  profile  with  a 
contoured  L.E.  flap  at  zero  degrees  deflection.  Therefore,  the  increments 
given  in  Figs.  Ill  and  112  can  very  validly  be  added  to  the  values  of  angle 
cf  attack  for  zero  lift  and  lift  curve  slope  as  obtained  for  the  no-flap 
profile  so  long  as  that  profile,  is  symmetrical  (these  empirical  curves  were 
obtained  from  data  gathered  from  tests  utilizing  symmetrical  airfoils  only). 
It  is  believed  that  the  curves  can  still  be  used  with  slightly  cambered 
profiles  without  going  beyond  the  original  order  of  accuracy.  However, 
radical  camber  would  without  doubt  invalidate  the  predictions  as  shown. 
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Comparing  data  contained  in  Refs.  83  and  84,  it  appears  that  the  effect 
of  increasing  Reynolds  Number  from  approximately  one  million  to  six  million 
is,  for  the  lOjf  thick  profiles  described,  to  decrease  CX  o.  u.  about 
0.1°  while  increasing  slope  by  an  amount  in  the  order  of  .002.  This 
surprisingly  small  change  would  seem  to  indicate  that  any  effect  of  Reynolds 
Number  variation  (at  least  within  the  landing  and  take-off  regime)  could  be 
considered  to  be  relatively  negligible  alongside  the  effects  of  profile 
thickness  and  nose-flap  deflection.  Because  of  this  experimental  data 
and  the  fact  that  separation  type  becomes  comparatively  independent  of 
Reynolds  Number  in  the  higher  Reynolds  Number  range  (see  Fig.  123),  it  was 
decided  that  Reynolds  Number  effects  could  be  neglected  in  the  presentation 
of  these  prediction  plots. 

The  empirical  curves  shown  for  change  in  angle  of  zero  lift  and  slope 
change  due  to  deflection  of  the  15^  chord  flap  have  been  "paint-brushed"  so 
as  to  permit  a  means  of  indicating  the  influence  of  base  profile  thickness 
distribution  upon  these  parameters.  It  can  in  general  be  said  that  those 
configurations  with  sharper  leading-edges  (double-wedge,  etc.)  will  yield 
values  lying  along  the  lower  boundary  of  the  "paint-brush"  curves 

and  along  the  upper  boundary  in  the  case  of  the  slope  change  plot. 

Conversely,  values  of  change  in  angle  of  zero  lift  and  change  in  slope  due 
to  flap  deflection  for  profiles  with  larger  nose  radii  (64  series,  etc.) 
may  be  found  along  the  upper  boundary  of  the  given  curve  or  the 

lower  boundary  of  the  slope  change  curve. 

The  ability  of  potential  theory  to  predict  the  l,  characteristics 

of  this  type  of  configuration  is  demonstrated  by  the  theoretical  curves 
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shown  in  Fig.  III.  These  curves  are  based  on  thin  airfoil  theory  and 
represent  an  application  of  the  treatment  given  by  Abzug  in  Ref.  74. 

Although  it  is  clear  that  thin  airfoil  theory  will  reveal  the  general  trends 
as  regards  to  the  effects  of  nose  flap  deflection  and  flap  chord  extent  on 
^o.L.  f  ability  to  quantitatively  predict  would  seem  to  fall  down 
for  the  thinner  profiles  and  at  the  higher  flap  deflections.  This  is 
without  doubt  due  in  the  main  to  the  occurrence  in  the  real  flow  of  low- 
angle-of -attack  separation  regions  which  are  more  extensive  the  thinner 
the  profile  or  the  greater  the  flap  deflection.  Use  of  thick  airfoil  theory 
or  electrolytic  tank  methods  would  thus  probably  he  of  mostly  academic 
interest  and  of  little  aid  in  reasonably  accurate  prediction  studies. 

As  has  been  stated  previously,  thin  airfoil  theory  cannot  predict 
constant  -  cT^  slope  change,  and  plotting  tank  tests  failed  to  either 
confirm  or  deny  the  existence  in  the  ideal  fluid  of  any  effect  upon  slope 
of  variations  in  flap  deflection.  Here  again,  it  is  thought  that  inviscid 
effects  would  be  negl igible  compared  with  the  viscous. 

Variations  in  flap  extent  from  that  of  \5%  c  create  changes  in 
as  shown  in  Fig.  Illb.  The  only  empirical  curves  available  are  those  for 
a  4.23^  thick  double-wedge  profile  (Ref.  76)  and  hence  secondary  thickness 
effects  cannot  be  defined.  Based  on  the  previous  discussion,  it  is  felt 
that  thicker  profiles  will  demonstrate  characteristics  closer  to  the 
theoretical  curves  shown.  Therefore  it  is  recommended  that  the  empirical 
curves  be  used  for  profiles  of  approximately  thickness,  the  theoretical 
curves  for  12^  profiles,  and  interpolated  values  for  airfoils  of 
intermediate  thickness.  Indications  are  that  Reynolds  Number  effects  can 
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be  assumad  to  be  co»parat Wely  negligible. 
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=  is  as  determined  from  Fig.  1 12a 
=  is  as  determined  from  Fig.  1 12b 

Profiles  with  sharp  ieading-edges  will  yield  values  along  the  upper 
boundary  of  the  "paint-brush"  curves  (Fig.  1 12a),  while  profiles  with 
rounded  leading-edgeswi 1 1  have  values  lying  along  the  lower  boundaries. 

The  predicted  slope  should  be  applied  as  a  secant  slope  from  C^-o  to 
Cj  =  .6  (as  shown  in  Fig.  1 12c). 

The  above  procedures  should  yield  closely  accurate  results  for 
symmetrical  and  slightly  cambered  profiles  at  Reynolds  Numbers  in  the  landing 
and  take-off  range. 

As  has  been  stated  previously,  the  contoured  leading-edge  flap  permits 
increases  on  the  thin  profile's  maximum  lift  coefficient  through  re¬ 
distributing  the  pressure  over  the  profile  in  such  a  way  as  to  delay  or 
eliminate  the  leading-edge  pressure  peak  which  normally  induces  stall. 

Airfoil  stall  would  then  be  determined  by  phenomena  characteristic  of  higher 
angles  of  attack  and  higher  lift  such  as  tra i I ing-edge  separation.  Also, 
the  upper-surface  pressure  redistribution  creates  a  second  pressure  peak 
immediately  above  the  flap  hinge  line  which  in  some  instances  can  initiate 
separation  prior  to  the  occurrence  of  tra i I ing-edge  flow  detachment.  Thus 
separation  can  occur  from  the  profile  leading-edge,  the  upper-surface  hinge 
line  curvature,  or  the  profile  tra  i  I ing-edge,  with  final  stall  being  the 
result  of  any  or  all  of  these  possible  separations  depending  upon  the  flapped 
profile's  shape  and  free  stream  and  local  flow  conditions. 

The  foregoing  paragraphs  discussed  that  portion  of  the  lift  curve  below 
the  buffet  regime.  The  following  paragraphs  will  attempt  to  analyze  the  upper 
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portion  of  the  lift  curve,  the  separation  and  stall  types,  and  possible 
means  of  Ci  prediction. 

The  leading-edge  flap  may  be  considered  to  be  primarily  a  boundary 
layer  control.  That  is  in  the  main,  it  achieves  an  increase  in  over 

and  above  the  base  profile  through  extending  the  lift  curve  rather  than 
through  shifting  the  curve  to  the  left.  This  is  brought  about  by  virtue 
of  its  ability  to  delay  or  eliminate  leading-edge  separation. 

Section  3.1  describes  the  phenomena  of  the  "th in-a  irfoi i"  and  "leading- 
edge"  separations.  The  occurrence  of  separation  from  the  profile's 
leading-edge  was  shown  to  be  more  likely  the  smaller  the  Reynolds  Number, 
the  thinner  the  profile,  or  the  more  aft  the  location  of  maximum  profile 
th  ickness. 

The  latter  two  criteria  are  essentially  a  measure  of  leading-edge 
sharpness.  It  could  thus  be  said  that,  if  the  primary  usefulness  of  the 
leading-edge  flap  lies  in  its  ability  to  delby  or  prevent  leading-edge 
separation,  such  a  flap  would  be  of  little  aid  to  profiles  of  a  shape  and 
in  a  Reynolds  Number  range  where  such  a  separat  on  would  not  occur. 

Considering  airfoils  which  normally  yield  leading-edge  separation 
prior  to  stall,  let  us  deflect  the  flap  a  given  amount,  .  Here  it 

would  seem  logical  that,  as  nose  sharpness  and  Ffeynolds  Number  determine 
the  likelihood  of  leading-edge  separation  (for  a  given  6^  )  those  contour- 

flapped  profiles  of  greater  thickness  and/or  greater  Reynolds  Number  would 
be  less  apt  to  reveal  such  separation.  (Of  course,  increases  in  for 

any  configuration  will  diminish  the  effects  of  leading-edge  separation 
so  long  as  such  phenomena  exits.)  Assuming  fclr  the  present  that  hinge- 
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line  separation  cannot  occur  and  therefore  that  maximum  possible  lift  for 
this  type  configuration  is  determined  by  the  occurrence  of  what  ought  be 
called  "pure"  trai I  ing-edge  stall,  optimum  (here  temporarily  defined 

as  the  smallest  possible  deflection  needed  to  entirely  prevent  leading-edge 
separation)  would  thus  be  expected  to  be  greater  for  those  profiles  which 
are  thirner  and/or  at  lower  Reynolds  Numbers, 

Separation  may  be  initiated  at  the  curved  portion  of  the  upper  surface 
immediately  above  the  contoured  flap's  hinge  and  this  separation  can  well 
define  maximum  lift  for  the  profile.  Separation  here  will  be  of  the  laminar 
type.  The  laminar  separation  may  occur  as  either  the  thin-airfoil  or 
leading-edge  variety,  as  described  in  Section  3.1.  Laminar  separation  from 
the  hinge-line  curvature  would  seem  more  likely  the  greater  the  flap 
deflection,  the  smaller  the  hinge-line  radius  of  curvature  (thinner  the 
profile)  and,  perhaps,  the  smaller  the  flap  extent.  Such  separation 
depends  upon  the  existence  of  laminar  flow  in  the  hinge-line  area  and  thus 
cannot  occur  if  the  forward  stagnation  point  is  sufficiently  beneath  the 
leading-edge  to  permit  a  leading-edge  separation  bubble.  Therefore,  if 
laminar  separation  from  this  point  is  to  be  introduced,  the  configuration 
must  be  such  that  sufficient  curvature  to  cause  hinge-line  separation  is 
present  prior  to  the  movement  of  the  stagnation  point  to  a  position  which 
would  initiate  leading-edge  separation. 

For  the  thicker  profiles  at  the  higher  Reynolds  Numbers  laminar  hinge¬ 
line  separation  appears  to  normally  occur  through  the  formation  of  a  leading- 
edge  type  of  bubble.  This  bubble  shows  no  tendency  to  break  away  prior  to 
the  occurrence  of  the  relieving  bubble  at  the  flap  leading-edge  until  quite 
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high  flap  deflections  are  attained  (  =35°-45°).  Th  inner  prof  i  les 

and  profiles  at  very  low  Reynolds  Numbers  demonstrate  a  th in-airfoil  type 
of  separation  at  the  hinge-line  curvature.  Even  at  of  20°  to  30° 

this  bubble  can  become  rather  extensive  prior  to  the  formation  of  the  nose 
bubble.  Here  again,  for  high  deflection  values,  complete  hinge-line  flow 
breakaway  may  be  expected  before  turbulent  flow  is  established  over  the  flap. 
The  persistance  at  the  hinge-1  ine  of  either  the  leading-edge  type  or  thin- 
airfoil  type  of  bubble  to  angles  of  attack  beyond  that  corresponding  to  the 
movement  of  the  stagnation  point  br  ,eath  the  nose  depends  upon  the  stagnation 
point  location,  Reynolds  Number,  and  nose  radius.  It  seems  sometimes 
possible  to  have  such  a  hinge-line  separation  even  though  the  stagnation 
point  is  on  the  lower  surface,  so  long  as  there  is  no  separation  at  the 
nose  and  the  pressure  gradient  between  the  stagnation  point  and  the  hinge 
curvature  is  predominatly  favorable.  References  83  and  84  infer  the 
possibility  of  a  turbulent  flow  breakaway  from  the  hinge-line  curvature. 

In  these  reports,  stall  at  certain  was  thought  to  occur  from  the 

hinge-line,  but  the  I ift  pattern  does  not  appear  to  be  compatible  with  the 
expected  trends  of  laminar  separation.  Therefore  it  would  be  possible  that 
stall  here  was  the  result  of  a  "turbulent  breakaway".  Unfortunately,  data 
is  not  available  to  truly  deny  or  verify  such  a  concept.  A  phenomencfi  of 
this  nature  would,  however,  seem  improbable  because  of  the  relatively  gradual 
curvature  involved  and  the  well  known  "sticking"  power  of  a  thin  turbulent 
I ayer . 

It  would  be  well  to  mention  the  importance  of  hinge  location  normal  to 
the  chord  and  of  maintaining  a  relatively  clean  flap-wing  juncture.  It 
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stands  to  reason  that  a  flap  hinged  at  the  profile  lower  surface  would 
create  a  greater  radius  of  curvature  than  one  hinged  at  the  chord  line. 

Such  a  flap  could  therefore  be  expected  to  reduce  the  possibilities  of 
hinge-curvature  separation.  Tests  conducted  at  Princeton  University  and 
described  in  Ref.  84  indicated  that  any  relatively  minor  surface 
discontinuities  in  this  area  of  curvature  can  cause  very  premature 
separation.  Although  this  factor  would  not  be  expected  to  be  so  critical 
at  higher  Reynolds  Numbers  and  is  thus  not  felt  to  be  a  practical  deterent, 
it  is  a  point  to  be  borne  in  mind. 

If  hinge- line  stall  and  leading-edge  stall  are  prevented  for  the  profile 
with  a  leading-edge  flap,  separation  moving  forward  from  the  airfoil's 
tra i I ing-edge  will  limit  the  lift  of  such  a  configuration.  Trai I ing-edge 
separation  occurs  prematurely  if  a  separation  bubble  is  present  at  the 
leading-edge  or  hinge-line  area.  Of  the  two  it  appears  that  hinge-line 
separation  can  cause  a  greater  thickening  of  the  tra  i  I  ing-edge  turbulent 
layer  and  hence  should  have  more  effect  upon  the  trail ing-edge  stall 
characteristics. 

The  majority  of  profiles  with  contoured  leading-edge  flaps  exhibit 
stalls  at  most  which  are  the  result  of  separations  at  more  than  one 

of  the  separation-prone  areas.  For  this  reason,  stall  type  is  very  difficult 
to  determine  from  the  results  of  force  tests  and,  in  the  absence  of  pressure 
distribution  studies  or  boundary  layer  surveys,  much  confusion  can  exist  as 
to  the  flow  pecularities  which  are  present.  It  is  regretable  that  so 
little  information  regarding  actual  separation  patterns  with  such  a 
configuration  is  available  as  the  leading-edge  flapped  profile  offers  an 
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excellent  opportunity  for  the  study  of  separation  interaction  effects. 

Figs.  113  through  116  demonstrate  the  maximum  lift  characteristics  of 
s ix'prof i les  with  contoured  leading-edge  flaps.  All  of  these  models  have  a 
flap  extent  of  approximately  ISJJc.  and  are  at  a  Reynolds  Number  of  closely 
6  X  10^.  Three  profiles  are  of  the  "round-nose"  type  (64  series,  etc.) 
while  three  have  "sharp"  leading-edges  (double-wedge,  etc.).  The  data 
plotted  in  these  figures  have  been  obtained  from  the  wind  tunnel 
investigations  described  in  Refs.  75,  78,  81,  83,  and  85. 

The  angle  of  attack  for  maximum  I ift  and  maximum  I ift  coefficient  are 
plotted  as  functions  of  nose  flap  deflection  in  Figs.  113  and  114.  It  may 
be  seen  that,  although  they  represent  as  great  a  thickness  range,  the 
"sharp-nose"  profiles  have  very  similar  characteristics,  whereas  the 
profiles  with  more  rounded  leading-edges  display  very  little  similarity, 
with  each  other.  Fig.  113  reveals  a  definite  pattern  of  increasing 
with  increased  ,  but  shows  varying  trends  with  profile  thickness. 

Flap  deflection  for  greatest  appears  to  be  30°  for  the 

sharp-nosed  profile  configurations,  but  varies  and  is  less  definit,e,jn  the  , 
case  of  the  configuration  with  rounded  leading-edges.  Fig.  114  indicates 
a  consistent  variation  with  thickness  for  the  sharp  nosed  profiles,  but  no 
overall  trend  can  be  seen  for  the  airfoils  with  more  rounded' leading-edges. 
Optimum  is  (from  the  plot)  however  approximately  30°  for  all 

the  configurations  considered. 

Figs.  115  and  116  plot  the  increment  in  OC-cs  and  lift 

coefficient  created  by  nose  flap  deflection  over  and  above  that  attainable 
by  the  profile  with  flap  at  zero  deflection.  The  same  curve-shape 
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characteristics  are  discernible  here  as  in  Figs.  113  and  114.  Obviously, 
these  curves  must  be  studied  with  an  eye  to  separation-stall  phenomenon  in 
order  to  give  them  any  meaning. 

Let  us  first  attempt  to  analyze  the  characteristics  of  the  sharp-nosed 
profile  with  leading-edge  flap.  Base  airfoils  of  this  shape  character i st leal 
yield  leading-edge  stall  of  the  thin  airfoil  type,  the  bubble  initiating  at 
angles  of  attack  very  close  to  zero.  Observing  Fig.  116,  it  can  be  seen 
that  lift  increment  increases  closely  linearly  with  flap  deflection  up  to  a 
s’ 25°.  In  this  range,  it  would  be  expected  that  leading-edge 
separation  (thin  airfoil)  is  the  only  major  viscous  effect  existing. 

Ref.  77  describes  tuft  and  boundary  layer  surveys  which  verify  such  a 
statement  for  a  flapped  configuration  with  a  4.23)?  double-wedge  base  profile. 
The  same  report  demonstrates  that  the  angle  of  attack  where  the  stagnation 
point  goes  beneath  the  leading  edge  varies  almost  linearly  with  cTj^ 

Data  from  Ref.  77  also  indicates  that,  regardless  of  6,^  ,  there  exists 

a  closely  constant  increment  between  the  angle  of  attack  at  which  the 
stagnation  point  moves  beneath  the  nose  and  the  angle  of  attack  where  the 
leading-edge  separation  has  grown  sufficiently  to  cause  stall  (  ). 

This  may  be  seen  to  provide  the  reason  for  the  I  inearity  of  tne 
and  curves  in  the  pure  leading-edge  stalling  regime. 

In  this  range  of  nose  flap  deflections  there  exists  in  the  sharp-nosed 
case  a  minor  trend  indicative  of  higher  for  a  given  as 

profile  thickness  is  increased.  This  could  not  be  explained  by  any  leading- 
edge  differences  as  all  of  these  profiles  have  the  same  "sharp"  nose. 

The  following  might,  however,  be  a  valid  explanation  for  this  trend. 
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n.e  note.  .ro»F, 9.  profile  .as  t.e  ,c.et 
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1  whirh  has  been  established  by  the 
thickened  turbulent  boundary  layer  which 

relatively  large  trai I ing-edge  angle.  At  a  given  cT^j  t  the  thicke 
sharp-nosed  profile  still  finds  itself  at  a  lower  lift  level  than  ^ 
thinner  counterpart  as  the  thin  airfoil  bubble  is  increasing 
lower  lift  level  acts  in  the  same  way  upon  the  leading-edge  bubble  as 

,_.,„pc.tco,otloncontno,,senvlnpto.e,ovt.,o.u-i---- 

for  the  thicker  prof  lies. 

leading  to  a  greater  and  A  CXm^;< 

From  cT^  ^  2^0  to  ^  30°-35O,  the  curve,  Fig. 

OKoopes  too  I  mean  m  tPe  sPanp  lea.Inp-eOpe  case  an.  .ecneasinp  slope 

^  Cn  is  attained  at  30»-55..  Indications  are 

is  noted  until  maximum 

J.  •  +h!c  ranne  at  stall,  although 
that  no  hinge-line  separation  is  present  in 

.•c+  at  lower  angles  of  attack  for  these  and  lesser 
tfese  phenomena  may  exist  at  lo  9 

„  Apparently  stall  here  is  still  fro™  the  profile  leading-edge  hu  , 
pHo"  to  stall,  trail  ing-edge  separation  Is  also  seen  to  he  present  ,n  a 
.„el,  a„.nt.  This  pre™atere  tra , I ing-edge  separation  has  heen  ind.ced  hy 

.  .  +  +nrh,il  ize  the  flow  over  the  trail  mg- 

the  leading-edge  bubble  which  ac  s 

a  t  far  in  excess  of  that  »hich  .onld  exist  .ith  no  leading- 
edge  to  an  extent  far  in  excess  u 

4.  +,a  -^hat  the  lift  level  for  occurrence 

edge  bubble.  It  is  interesting  to  note  that  the 

X-  n  tell  oattern  is  closely  equal  to  that  at  »hich  the 
of  this  combined  stall  parrern  is  i-iu 

1  c-i-ar+c  ripveloDinq  a  combination  stall, 
thicker,  round-nosed  fiaa  profile  also  starts  developi  g 

r-Qcc  nt  35°  stall  occurs  abruptly  from  the 
For  flap  deflections  in  excess  of  35 

hlnge-llne  curvature  or  it  Is  possible  that  .bat  is  seen  is  actually 

eeparatlon  fro™  the  tral I Ing-edge  due  to  the  Influence  o,  a  large  hinge- 
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line  bubble.  In  either  case,  the  laminar  hinge-line  bubble,  which,  at 
these  ,  is  able  to  grow  to  an  extent  which  precipitates  stall  prior 

to  the  formation  of  the  neutralizing  leading-edge  bubble,  is  the  major 


culprit.  Maximum  lift  falls  off  quite  violently  here  due  to  the  necessari  y 
lower  CXc^^^^as  well  as  the  higher  as  compared  with  the  30° 


deflection  case. 

The  "rounded"  leading-edge  profiles  demonstrate  characteristics  with 
increasing  flap  deflection  which  are  somewhat  less  uniform.  The  initial  rise 
of  the  ^  definite 

tendency  to  constantly  decrease  in  slope.  Further,  thickness  effects  seem 


larger  and  less  uniform. 

The  curve  of 

these  configurations  the  initial  increase  in  angle  of  attack  for  maximum 
lift  is  relatively  independent  of  thickness  and  of  the  same  order  of 
magnitude  as  that  for  the  thicker  sha.rp-nosed  configuration.  In  this  region, 
where  leading-edge  separation  is  the  major  limiting  factor,  (Fig.  114) 

is  a  function  of  the  distance  beneath  the  leading-edge  that  the  stagnation 
point  can  travel  prior  to  inducing  leading-edge  separation.  At  a  given 
small  ,  leading-edge  separation  would  thus  be  expected  to  occur  at  a 

later  angle  of  attack  the  thicker  the  profile.  The  64A0I0  and  63,012  are 
suspected  of  having  a  primary  separation  of  the  leading-edge  variety  up  to 
flap  deflection  values,  which  while  not  rigorously  noted  in  the  references, 
appear  to  be  approximately  15°  and  5°  respectively.  The  fall-off  in 
for  the  65A006  at  deflection  values  greater  than  15°  is  difficult  to  explain 
but  may  well  be  due  to  discontinuity-induced  premature  hinge-line  separation 
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which  can,  in  turn,  induce  premature  tra i I ing-odge  stall.  The  curves  shown 
in  Ref.  85  infer  that  stall  at  all  to  25°  is  of  the  relatively 

gentle  variety.  It  is  possible  that  leading-edge  stall  of  the  thin  airfoil 
type  is  the  limiting  factor  for  the  65A006  configuration  to  approximately 
15°  and  that  highly  premature  trail ing-edge  stall  takes  over  after  this 
point. 

Fig,  116  reveals,  within  the  range  for  leading-edge  stall, 

closely  the  same  slope  for  the  64A0I0  and  63|0I2  configurations,  this 
slope  being  greater  than  that  for  the  65A006  configuration.  This  slope 
change  may  at  least  in  part  be  a  characteristic  of  the  leading-edge  type  bubble 
growth  as  opposed  to  the  th in-airfoil  bubble  growth.  Another  possible  cause 
could  be  the  relative  prematurity  of  base  profile  stall,  due  to  flap 
addition.  The  65A006,  which  should  demonstrate  the  thin-airfoil  type  of 
leading-edge  bubble,  shows  a  slope  in  this  range  closely  identical  with 
those  for  the  sharp  leading-edged  configurations. 

The  slope  fall-off  in  this  range  of  flap  deflections  for  the  64A0I0 
configuration  (as  seen  in  Fig.  116)  is  brought  about  by  the  high  lift  level 
which  permits  the  leading-edge  bubble  to  induce  premature  tra i I  ing-edge 
separation,  a  separation  type  which  is  very  much  a  function  of  lift  level. 

This  effect  is  greater  the  greater  the  lift  level  and,  consequently,  is 
greater  the  larger  the  cf .  Such  a  decrease  in  slope  in  this  regime 
would  probably  be  discernible  for  the  63|0I2  configuration  were  more  data 
points  ava liable. 

Ref.  83  indicates  that,  for  the  64A0I0  configuration  at  in  excess 

of  15°,  separation  initiates  from  the  hinge-line.  It  may  be  that  what  is 

CONFIDENTIAL' 


-172- 

CONF IDENTIAL 


seen  here  is  actually  premature  and  rapid  tra  i  I  ing-edge  separoMon  induced 
by  a  hinge-line  bubble  of  the  leading-edge  type.  Between  5^  and  50°  the 
63|0I2  system  reveals  relatively  flat  and  curves 

indicative  of  the  attainment  of  optimum  flap  deflection.  No  hinge-line 
separation  was  noticed  and  it  is  quite  probable  that  none  occurred.  It  is 
felt  that  premature  tral I  ing-edge  separation  induced  by  the  presence  of  a 
forward  laminar  bubble  was  here  the  cause  of  final  stall — at  least  between 
10°  and  30°  .  The  slight  rise  in  lift  at  30°  could  possibly  indicate 

that  tra i I  ing-edge  separation  occurred  at  this  point  uninfluenced  by  any 
leading-edge  separation. 

The  optimum  (based  upon  the  curves)  for  all  round-nosed 

configurations,  as  was  the  case  with  the  sharp-nosed,  seems  to  be  approximately 
30°.  The  65A006  indicates  a  level  ing  off  at  30°  where  stall  seems  to  be 
due  to  thin  airfoil  type  separation  at  the  hinge-line,  possibly  with 
tra  i  I  ing-edge  separation  present  and  influencing. 

The  lift  decrease  of  flap  deflections  in  excess  of  30°  may  be 
attributed  to  laminar  breakaway  from  the  hinge-line.  The  lift  increase 
which  follows  this  fall  off  for  the  65A006  and  64A0I0  could  be  explained  by 
the  secondary  stall  patterns  (initiated  in  this  case  from  the  hinge-line) 
discussed  in  Section  3.1. 

Figure  117  demonstrates  the  general  trends  of  the  leading-edge  flapped 
conf igurat ion ' s  max imum  lifting  capabilities  as  a  function  of  thickness.  It 
will  be  noted  that  only  "pure"  stall  from  each  of  the  three  separation-prone 
regions  has  been  considered.  Although  angle  of  attack  has  been  used  as  the 
ordinate  for  these  curves,  lift  coefficient  would  be  expected  to  follow  the 
same  general  patterns. 
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For  the  case  ol  "pure"  leading-edge  stall  (Fig.  II7A)  it  is  necessary 
to  consider  the  "sharp"  leading-edged  configuration  separately  from  the 
"rounded".  This  is  because  the  leading-edge  bubble  forms  at  an  o<. 
relatively  independent  of  thickness  for  the  sharp  profiles,  while  rounding 
the  leading-edge  delays  this  bubble  formation  to  a  later  angle  of  attack 
(later  the  greater  the  leading-edge  radius  of  curvature).  For  thin  airfoil 
type  separation,  it  can  be  inferred  from  Ref.  77  that  the  angle  of  attack 
where  the  bubble  initiates  will  vary  linearly  with  cTig  and  that  there  is  a 
closely  constant  increment  at  all  between  this  angle  and  that  for  thin- 

airfoil  stall.  These  observations  would  be  expected  to  also  hold  nearly 
true  for  configurations  with  a  characteristic  leading-edge  type  of  separation 
and  stal I . 

The  decrease  in  (and  thus  Ci  )  with  increased  profile 

thickness  for  the  sharp-nosed  configurations  is  not  truly  inherent  in  the 
"pure"  leading-edge  stall  but  rather  represents  an  effect  of  the  thickened 
trai I ing-edge  turbulent  boundary  layer  as  previously  described.  The 
increased  slope  of  the  curves  with  increasing  thickness  is  also 

created  by  this  effect.  Were  there  no  tra  i  I ing-edge  effect  here,  there,  in 
all  probability,  would  be  no  effect  of  thickness  upon 

Occurrence  of  ieading-edge  or  thin  airfoil  stall  on  the  rounded  leading- 
edged  configurations  Is  a  definite  function  of  leading-edge  radius  and 
thickness.  In  any  event,  increased  thickness  (or  leading-edge  radius)  will 
cause  an  increase  in  the  angle  of  attack  at  which  the  significant  bubble 
forms.  The  maximum  CX  or  appears  also  to  be  a  function  of 

nose  radius  (or  profile  thickness),  increasing  with  increased  thickness  as 
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well  as  with  ,  Although  variance  with  leading-edge  stall  type  cannot 

be  ascertained  from  available  data,  it  can  be  said  that  the  (and 

Cl  .  )  of  the  round-nosed  configuration  would,  from  the  empirical  data,  be 
expected  to  always  be  as  great  as  or  greater  than  that  attainable  with  any 
sharp  nosed  profile.  The  same  can  indeed  be  said  for  Ci  due  to  the 
flap  with  respect  to  the  base  profile. 

For  the  case  of  pure  hinge-line  stall,  qualitative  variation  would  be 
thought  to  take  the  form  shown  in  Fig.  1176.  The  separation  phenomena  here 
can  either  be  of  the  leading-edge  or  th in-airfoil  type.  Stall  type  might  be 
quite  important  with  regard  to  persistence  of  separation,  and  it  is  unfortunate 
that  so  I ittle  research  has  been  conducted  along  these  I ines.  Because  of 
increased  hinge-line  radius  of  curvature,  increased  thickness  should  decrease 
the  likelihood  of  separation  and,  using  the  concept  of  a  separat ion-to-stal I 
increment  relatively  independent  of  thickness  (as  indicated  in  the  leading- 
edge  stal I  case)  and  should  be  greater  the  greater  the 

profile  thickness.  It  might  be  pointed  out  that,  although  thickness 
distribution  can  be  important  here,  the  sharpness  or  lack  of  same  at  the 
profile  leading-edge  can  have  no  effect. 

Pure  trai I ing-edge  stall,  as  shown  in  Fig.  II7C,  makes  the  assumption 
that  the  "linear  extrapolation  method"  of  Section  3.1  is  valid.  The  Reynolds 
Number  has  here  been  assumed  to  be  such  that  there  is  no  effect  of  thickness 
upon  the  "pure"  tra  i  I  ing-edge  stall  extrapolation.  This  would  not  be 
expected  to  hold  true  for  all  Reynolds  Numbers  but  would  seem  proper  for 
purposes  of  this  demonstration.  The  increase  in  angle  of,  attack  for  the 
Initiation  of  separation  and  for  the  occurrence  of  is  based  upon  the 
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expected  effect  of  increased  camber.  The  circulation  increase  due  to 
increased  camber  will  not  be  nearly  so  great  as  that  which  would  be  predicted 
theoretically  because  of  the  counteracting  B.L.C.  effect,  increasing  camber 
increasing  the  likelihood  of  trai I ing-edge  separation.  Studies  of  cambered 
profiles  and  the  previously  discussed  test  results  indicate  that  this 
inefficiency  should  limit  the  slope  of  this  curve  to  values  considerably  less 
than  the  slope  for  the  pure  leading-edge  stall  curves. 

The  "pure"  curves  shown  in  Fig.  117,  of  course,  will  seldom  occur  over 
any  large  range  of  cT^  As  flap  deflection  is  increased  on  a  profile 
normally  stalling  from  the  leading-edge,  separation  will  soon  cease  to 
occur  from  that  point  and  jump  to  the  area  of  hinge-1 ine  curvature,  the 
trai I ing-edge,  or  both.  However,  such  "pure"  curves  permit  the  qualitative 
build-up  of  the  total  leading-edge  flap  picture.  Fig.  I  ISA  shows  the 
variation  in  which  would  be  expected  from  a  very  thin  profile 

with  a  contoured  leading-edge  flap.  It  will  be  noted  that  the  resultant 
separation-stall  pattern  combines  leading-edge  with  hinge-line  separations; 

A  round-nosed  profile  has  been  assumed,  but  the  variation  would 

hold  as  well  for  a  sharp  airfoil. 

Fig.  IlSA  demonstrates  the  important  probability  that  leading-edge 
stall  can  persist  only  to  that  where  hinge- I ine  stall  occurs  very 

slightly  prior  to  the  initiation  of  lead|ing-edge  separat ion.  An  assumption 
here,  which  is  felt  to  be  valid,  is  that  no  hinge-line  stall  may  occur  in 
the  presence  of  a  leading-edge  bubble.  This  assumption  is,  of  course,  based 
upon  the  belief  that  laminar  flow  at  the  hinge-line  is  necessary  for  stall  to 
occur  at  this  point.  A  further  assumption  is  that  a  leading-edge  bubble  is 
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necessary  to  establish  turbulent  flow  at  the  hinge-line  curvature.  The  latter 
is  felt  to  generally  be  true  or  so  closely  true  that  possible  variation  is 
insignificant.  The  thick  line  of  Fig.  II8A  represents  the  vs  cf f.) 

for  this  configuration  and  offers  an  indication  of  the  maximum  lift  variation. 
Note  the  separation  regions  into  which  the  picture  can  be  divided  and  that 
hinge- line  separat ion  can  well  be  present  even  at  less  than  30°  for 

angles  of  attack  prior  to  stall.  Tra i I ing-edge  separation  has  been  assumed 
to  not  enter  into  this  semi-hypothet ical  situation.  Whether  a  profile  can 
ever  actually  be  sufficiently  thin  for  this  to  be  the  case  is  a  matter  for 
conjecture.  The  4. 23jS  double-wedge  described  in  Ref.  77  did  show  some 
effect  of  what  was  probably  premature  tra i I ing-edge  separation. 

The  case  of  combined  leading-edge  and  tra  i  I  ing-edge  stall  is  illustrated 
in  Fig,  1188.  This  infers  a  hinge-line  curvature  which  is  controlled  (by 
suction,  for  instance)  or  may  be  taken  to  simply  demonstrate  such  a  combined 
effect  at  less  than  that  necessary  for  hinge-line  stall.  As  indicated 

in  this  curve,  pure  leading-edge  stall  can  only  persist  to  an  angle  which  is 
slightly  bbneath  that  for  the  occurrence  of  pure  tra i I  ing-edge  separation. 

This  Is  due  to  the  leading-edge  bubble  inducing  premature  tra i 1 i ng-edge 
separation  which,  in  turn,  although  relieving  the  leading-edge  bubble  to 
some  extent,  creates  a  lift  curve  slope  fall-off  that  diminishes  the  lifting 

potential  of  the  leading-edge  stalling  profile.  For  this  reason,  there  will 

occur  here  a  fall-off  in  slope  of  the  (^nd  C||^g^)  vs  curve. 

As  is  increased,  stall  can  alter  from  premature  leading-edge  to 

premature  tra  i  I  ing-edge.  Only  after  the  leading-edge  separation  line  (not 
shown)  crosses  the  tra  i  I  ing-edge  stall  line  can  pure  tra  1 1 ing-edge  stall 
occur.  . 
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Fig.  II8C  illustrates  the  case  of  combined  trai I ing-edge  and  hinge-line 
stall  occurring,  in  sequence,  as  is  increased.  Such  a  pattern  may 

be  expected  in  the  case  of  very  thick  profiles.  Obviously  such  a  combination, 
without  a  proceeding  leading-edge  stall,  represents  a  rather  inefficient 
system,  increases  in  serving  to  increase  lift  only  by  the  camber  effect. 

For  such  a  tra i I ing-edge  stalling  prof i I e^ a  trai I ing-edge  control  would 
doubtless  be  of  more  value.  It  will  be  noted  that  upon  the  initiation 
of  the  hinge-line  bubble  trai I ing-edge  stall  becomes  premature,  increasingly 
so  until  stall  is  actually  of  the  hinge- line  type. 

in  Fig.  119,  profile  thickness  is  allowed  to  increase  from  II9A  to 
II9D.  It  should  be  remembered  that  these  curves  are  based  to  a  large  extent 
upon  the  speculation  and  calculated  guesses  of  the  proceeding  pages. 
Correlation,  hbwever,  between  the  results  of  this  technique  and  the  small 
amount  of  existing  experimental  data  is  good.  The  plots  shown  here  are 
combination  patterns  similar  to  those  of  Fig.  I  ISA,  unlabeled  in  this  case 
so  as  to  avoid  unnecessary  crowding.  The  curves  drawn  with  large  dashes 
represent  initiation  of  pure  separation.  The  undashed  curves  indicate  pure 
stall,  whila  the  heavy  line  shown  ,  not  considering  instantaneous 

separation  mixtures.  The  short-dashed  curves  represent  cons  I  dering 

such  mixtures.  The  straight  lines  of  lower  slope  indicate  trai I ing-edge 
separation  and  stal i  and,  in  agreement  with  a  previous  assumption,  have 
locations  invarient  with  profile  thickness.  Hinge-line  and  ieading-edge 
stall  curves  are  permitted  to  move  vertically  as  thickness  is  increased 
and  the  hinge- line  staii  and  ieading-edge  separation  lines  are  assumed  to 
cross  at  the  same  in  ai  I  cases.  There  may  at  this  point  be  a  dissenting 

opinion  to  the  effect  that  the  assumption  of  invariance  with  thickness  of  the 
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locations  of  the  pure  trai I ing-edge  stall  and  separation  curves  is  erroneous. 
Certainly,  this  is  true.  In  the  Reynolds  Number  range  of  3-9x10°,  it  can  be 
seen  from  Fig.  17  That,  accepting  the  I  inear  extrapolation  method,  thickness 
can  become  quite  important.  However,  in  this  range,  the  effect  of  thickness 
is,  other  than  at  that  Reynolds  Number  where  there  is  closely  no  effect,  to 
decrease  Cj^^g^  with  increased  thickness.  Thus,  for  these  Reynolds  Numbers, 
at  least,  the  pure  leading-edge  stall  and  pure  tra i I ing-edge  stall  curves 
must  move  into  each  other  with  increased  thickness  and  hence  Fig.  119  will  not 
be  altered  schematically  by  the  selection  of  any  other  Reynolds  Number  in  this 
low-speed  regime. 

Fig.  II9A  illustrates  the  expected  stall  pattern  for  a  configuration 
with  thickness  slightly  greater  than  that  whose  expected  pattern  is  shown  in 
Fig.  il8A.  The  only  difference  between  these  two  patterns  is  that,  for  the 
profile  of  Fig.  I19A,  the  trai I  ing-edge  separation  line  is,  prior  to  hinge¬ 
line  stall,  suff iciently  close  to  the  trai  I  ing-edge  stall  I  ine  to  induce 
premature  leading-edge  separation.  This  progression  Is  typical  of  the  sharp 
nosed  profiles  (of  any  thickness)  due  to  the  inherently  low  lift  level  of 
their  leading-edge  stall  line.  Of  course,  were  this  a  sharp-nosed  profile, 
the  leading-edge  separation  line  would  go  through  the  origin  of  the  axes. 

Fig.  II9B  demonstrates  the  effect  of  increasing  the  thickness  slightly  beyond 
that  shown  in  Fig.  II9A.  Here,  the  tra i I  ing-edge  and  leading-edge  lines 
having  moved  closer  together,  progression  is  from  premature  leading-edge  stall 
to  premature  tra i I ing-edge  stall,  with  the  final  limitation,  as  usual,  being 
the  advent  of  complete  stall  from  the  hinge- 1  ine.  It  will  be  noted  that 
this  thickness  is  somewhat  greater  than  that  for  Fig.  II8B. 


CONFIDENTIAL 


-179- 

CONFIDENT  I AL 


As  mentioned  previously,  leading-edge  stall  will  become  premature  at  an 
angle  somewhat  less  than  that  required  for  pure  trai I ing-edge  separation. 

This  premature  leading-edge  stall  is  likely  to  change  to  premature  trail ing- 
edge  stall  at  the  where  the  pure  leading-edge  stall  line  crosses  the 
pure  trai  I  ing-edge  stall  line.  It  would  further  be  expected  that,  where 
premature  leading-edge  stall  exists,  the  angle  of  attack  for  such  an 
occurrence  would  diverge  with  increasing  cT^  from  the  pure  leading-edge 
stall  line,  while,  where  premature  tra 1 1 ing-edge  stall  exists,  the  occurrence 
angle  (short-dashed  line)  would  approach  the  pure  tra  i  I  ing-edge  stall  line  as 
deflection  is  increased. 

A  pattern  characteristic  of  even  higher  thicknesses  is  shown  in  Fig.  II9C. 
Here,  premature  trai I ing-edge  stall  takes  over  at  a  considerably  lower 
deflection  value  than  in  the  previous  case.  The  63|-0i2  configuration  has 
apparent  characteristics  closely  Identical  with  those  shown  here. 

Fitting  the  64A0i0  results  into  this  scheme  of  things  seems  somewhat 
difficult.  Although  test  observations  indicated  a  hinge-line  stall  at  cT^ -5 
where  lift  was  still  increasing,  the  laminar  requirement  here  imposed  and  the 
expected  degree-of-curvature  effect  would  infer  the  Impossibility  of  this. 

It  is  quite  possible  that  what  was  seen  here  was  premature  trail ing-edge 
stall  created  either  by  leading-edge  separation  (with  hinge-line  separation 
at  low  angles  of  attack)  or  by  hinge-line  separation.  To  be  in  keeping  with 
the  stall  pattern  summarized  in  Fig.  119,  the  former  would  be  most  likely. 
However,  the  thickness  distribution  change  between  the  63|-0i2  and  the 
64A0I0  could,  for  such  small  thickness  changes,  permit  some  deviation  in  a 
stal I -pattern  progression  such  as  that  shown  in  Fig.  119  which  assumes  constant 
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optimum  cT^j  (thus  inferring  constant  nose  radius  to  hinge-line  radius 
ratio  or  constant  thickness  distribution). 

Fig,  II9D  shows  a  very  thick  profile's  stall  progression.  Such  a  profile 
reveals  a  trai  I  ing-edge  stall  (though  somewhat  premature)  even  for  zero  nose 
flap  deflection.  The  factor  permitting  lift  increases  here  is  simply  the 
increased  camber  provided  by  deflecting  the  flap.  When  hinge- line  separation 
is  encountered,  this  stall  becomes  more  and  more  premature  until  are 

reached  where  stall  occurs  directly  from  the  hinge-line.  It  will  be  noted 
that  optimum  may  be  greater  here  than  in  the  th  inner-prof  i  le  cases.  In 

all  cases,  the  leading-edge  separation  and  pure  hinge- line  stall  line  have  been 
assumed  to  cross  (normally  creating  an  optimum)  at  a  constant  .  In  the 

case  of  Fig.  1190,  trai  I  ing-edge  stall  occurs,  at  this  ,  previous  to 

leading-edge  stall,  allowing  a  greater  optimum. 

The  curves  of  Fig.  119  indicate  increasing  (at  optimum  ) 

as  thickness  is  increased.  This  would  probably  be  true  for  the  case  where 
pure  trai  I ing-edge  stall  is  independent  of  thickness,  but  would  not 
necessarily  hold  for  Reynolds  Numbers  where  the  level  of  the  pure  trail Ing- 
edge  stall  line  decreases  (or  increases)  with  Increasing  thickness.  It  can, 
however,  be  reasoned  that  maximum  lift  (or  o(0«  )  at  optimum  cT^  will 

increase  with  thickness  until  tra i I ing-edge  stall  is  approximated.  For  most 
Reynolds  Numbers  between  3x10®  and  9x10®,  there  will  here  occur  a  fall-off 
in  maximum  attainable  lift  with  further  increases  in  t/c  until  a  relatively 
constant  level  or  a  level  slightly  increasing  with  thickness  is  attained, 
the  latter  effect  being  due  to  the  probable  achievement  of  greater 
prior  to  hinge-line  stall  with  a  resultant  increase  in  permitable  camber. 
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It  should  be  remembered,  in  evaluating  Fig.  119,  that  a  change  in 
leading-edge  stall  type,  with  increasing  th ickness,  from  thin-airfoil  to 
leading-edge  will  seemingly  increase  the  slope  of  the  pure  leading-edge 
curves,  at  least  if  they  are  taken  to  represent  lift  rather  than  angle. 
Although  this  creates  a  quantitative  difference,  it  does  not  establish  any 
alterations  in  the  qualitative  interpretation. 

Any  quantitative  prediction  of  maximum  lift  attainable  by  profiles 
fitted  with  a  contoured  leading-edge  flap  must  currently  be  based  upon  the 
rather  meager  available  test  data  and  a  reasoning  process  as  just  given.  The 
numerous  important  aerodynamic  and  geometric  variables  effecting  the  lifting 
characteristics  of  this  type  of  configuration  make  such  a  procedure 
extremely  difficult  and  the  resulting  prediction  subject  to  some  quantitative 
doubt.  It  has  been  decided,  however,  to  attempt  to  consider  all  of  the  major 
variables  so  that,  even  though  the  accuracy  may  not  be  necessarily  enhanced, 
the  probable  trends  due  to  alteration  of  these  variables  can  be  more 
readi ly  visual ized. 

Let  us  first  consider  the  leading-edge  flapped  configuration  at  a 
constant  Reynolds  Number  and  fixed  chordwise  flap  hinge  location.  The 
important  variables  in  such  a  case  are  the  profile  thickness  and  thickness 
distribution,  as  well  as  hinge  location  (normal  to  the  chord  fine),  and 
the  possible  presence  of  hinge-line  roughness  or  discontinuities.  Even 
disregarding  the  latter  two  variables  as  parameters  which  may  readily 
be  altered  or  negated  in  design,  prediction  is  complicated  by  the  many  flow 
changes  created  by  thickness  and  thickness  distribution  variations.  Maximum 
lift  values  in  the  leading-edge  stall  regime  may  be  altered  by  leading-edge 
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stall  type  and  the  degree  of  prematurity  of  that  stall.  Methods  must  also 
be  found  to  define  the  existence  of  tra i I ing-edge  stall  and  its  complicating 
secondary  effect,  trai  I  ing-edge  s+al I  prematurity.  The  "camber  effect"  must 
be  predicted.  Occurrence  of  hinge-line  separation  and  stall  depends  upon 
just  about  all  of  the  effects  above. 

So  as  to  be  able  to  achieve  as  reasonable  a  basis  as  possible  for  the 

prediction  of  2^  Ci  for  the  constant  Reynolds  Number,  constant  Cn/C 

rnsx  ' 

case,  th  i  s  predict  ion  will  f  Irst  be  made  for  the  R.N.  =  6x10^,  C^y/C  =  \% 
conditions  where  the  majority  of  experimental  data  are  to  be  found, 

Available  experimental  results  indicate  the  optimum  flap  deflection  is 
30°  throughout  the  thickness  and  thickness  distribution  range  considered. 

As  indicated  by  Fig.  II9D,  however,  further  th  ickness.  increases  might  well 
serve  to  increase  optimum  cT (,*  .  Unfortunately,  prediction  of  optimum 

(Tf.)  throughout  the  complete  thickness  range  seems  impossible,  but  it 
would  appear  safe  to  say  that,  for  profiles  which  irf  their  base  condition  stall 
from  the  leading-edge,  optimum  cT^  will  be  approximately  The 

for  lift  fall-off,  created  by  hinge-line  stall,  will  be  approximately  35°. 

As  shown  In  the  previous  discussion,  tra  i  I  ing-edge  stall  can,  for  the 
thicker  profiles,  become  predominant  at  cT^ '-S  less  than  that  optimum 
defined  by  hinge-line  stall,  ft  thus  becomes  Important  to  define  the 
or  where  trai  I  ing-edge  stall  can  occur.  The  linear  extrapolation 

method,  as  described  in  Section  3,1  offers  the  best  means  known  to  this 
author  toward  this  prediction.  Fig.  120  shows  C|  plotted  against  t/c 
for  the  various  leading-edge  flapped  configurations  at  the  Reyno I ds ‘Number 
and  in  question.  The  close  agreement,  for  the  round-nosed  profiles. 
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with  the  linear  extrapolation  method  is  readily  discernable.  The  64AOIO 
configuration  correlates  almost  exactly  with  such  a  method.  However,  it 
must  be  remembered  that  there  exist  two  effects  which  would  alter  the 
application  of  the  linear  extrapolation  method  which  is  intended  to  indicate 
where  the  given  prof  i  le  wi  1 1  stall  in  a  pure  trai  I  ing-edge  manner,  r  O  . 
These  are  the  camber  effect,  which  would  indicate  that  trai I ing-edge  stall, 
at  any  cT^  larger  than  zero,  will  occur  at  a  greater  than  that 

predicted  by  the  base  profile  linear  extrapolation  (see  Section  3, If),  and 
trai I ing-edge  stall  prematurity  caused  by  a  forward  bubbie,  which  serves  to 
reduce  maximum  lift  beneath  that  predicted  by  the  linear  extrapoiation 
method.  The  very  good  agreement  of  the  64A0i0  configuration  at  a 
of  30°  with  the  linear  extrapolation  must  be  a  coincidence,  created  by  the 
near  equality  of  two  counteracting  effects.  However,  a  general  qualitative 
verification  of  the  linear  extrapolation  method,  considering  both  the 
64A0I0  and  the  63|0I2,  is  indicated. 

Fig.  116  indicates  that  when  the  manner  of  leading-edge  stall 
reverts,  through  decreased  thickness,  from  the  leading-edge  type  to  the  thin 
airfoil  type,  the  slope  of  the  A  ^l^ax  leading- 

edge  stalling  regime  should  decrease.  It  is  suspected  that  the  degree  of 
decrease  is  not  truly  so  great  as  is  indicated  in  this  figure.  The  reason 
for  this  is  that  prematurity  of  base  profile  stall  appears  to  become  more 
excessive  the  greater  the  profile  thickness.  This  prematurity,  as  indicated 
in  Fig.  120,  is  apparently  caused  by  the  detrimental  effect  of  the  profile- 
flap  juncture;  that  is,  the  profile  with  leading-edge  flap  at  zero 
will  have  a  lower  Cl^^^  '^‘han  the  same  profile  with  no  contoured  leading-edge 
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flap.  The  sharp-nosed  curves  given  in  Fig.  120  show  for  base  profile 
characteristics  only  the  =  0°  case,  with  no  information  being 

available  for  the  no-leading-edge-flap  configurations.  Obviously,  in  order 
to  keep  the  thicker  round-nosed  curves  and  the  sharp  nosed  curves  on  the 
same  basis,  knowledge  of  the  sharp-nosed  base  profile  curves  would  be 
necessary.  In  the  absence  of  this  data,  it  is  not  possible  to  rigorously 
ascertain  a  correction  to  the  slope  variation  indicated  in  Fig.  116.  The 
subtraction  of  the  base  profile  prematurity  may  be  shown  to  yield  a 

A  ^ifnax  curve  stall  with  a  higher  slope  than  the  unaltered  sharp- 

nosed  profiles,  indicating  that  slope  change  with  increasing  thickness  (or 
with  a  change  in  leading-edge  stall  type)  is  valid.  Further,  such  a  procedure 
does  not  alter  the  fact  that  the  thicker  round-nosed  configurations  show  a 
slope  fall -off  vs  )  while  the  sharp-nosed  profiles  do  not  in 

the  leading-edge  stall  regime. 

In  order  to  predict  A  vs  ,  it  is  necessary  to  establish 

a  standard  for  the  base  profile  C)^g^.  In  the  case  of  the  round-nosed  profiles, 

which  often  encounter  closely  pure  trai I ing-edge  stall,  it  is  almost 

necessary,  so  as  to  be  consistent  with  the  linear  extrapolation  predictions, 

to  take  this  as  the  base  profile  Ci  where  there  is  no  leading-edge  flap. 

'max 

These  values,  for  various  profiles  are  shown  in  Figs.  16  and  17.  In  that 
such  values  are  not  available  for  the  sharp-nosed  profiles,  the  C|„^^'s  shown 
in  Fig.  17  being  for  a  cT^  =  0°  case,  the  ‘^^^Imax  these 
configurations  will  be  based,  in  the  prediction  curve  to  be  discussed  in  the 
following  paragraphs,  upon  the  base  profile  C|^g^  when  =  0°  (Fig,  17). 

This  will  not  disrupt  use  of  the  linear  extrapolation  method  as  such  sharp- 
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nosed  profiles  can  seemingly  never  act  at  a  lilt  level  where  pure  trail  Ing- 

edge  stall  is  approached.  The  rising  solid  lines  of  Fig.  I2IA  predict  the 

variation  in  the  ^  *^lmax  curve  in  the  leading-edge  stall 

regime  neglecting  the  possible  occurrence  of  closely  pure  tra i I ing-edge 

stall.  The  curve  for  the  Ieading-edg9  type  stalling  profiles  was  obtained 

from  the  64A0I0  and  63(012  characteristics  at  least  temporarily  limiting 

the  application  of  this  curve  to  R.N.  =  6x10^,  jc  =  13$,  corrected 

to  take  premature  base  profile  stall  into  consideration  and  considering, 

insofar  as  possible,  only  leading-edge  stall  prematurity  (not  tra i I ing-edge 

stall  prematurity).  The  thin-airfoi I  stall  curve  is  an  uncorrected  repeat 

of  the  sharp-leading-edge  curve  of  Fig.  116.  Stall  type  may  be  ascertained 

from  Fig,  18  and  those  base  profiles  which  show  a  mixed  leading-edge 

separation-stall  pattern  (type  "B",  Fig.  18)  can  be  assumed  to  have 

characteristics  which  lie  between  the  two  lines.  It  might  be  meni ioned  that 

the  thin-airfoil  stalling  65A006  has  characteristics  which  fall  nearly  upon 

the  sharp-nose  characteristics,  both  before  and  after  the  base  Ci 

'  max 

correction  is  applied.  Thickness  and  thickness  distribution  effects  on 
the  slope  fall-off  for  the  leading-edge  stall  type  configurations  have  been 
assumed  to  be  negl  igeable,  an  enforced  assumption  which  may  or  may  not  be 
realistic  in  relation  to  the  variation  shown. 

Optimum  cTki  ,  or  the  maximum  A  Ci  ,  is  assumed  to  occur  at  30°, 

'  max 

except  with  very  thick  profiles.  It  is  possible,  if  the  profile  is 
sufficiently  thick,  that  the  flapped  configuration's  characteristics  will 
have  the  leading-edge  curves  prior  to  the  attainment,  along  the  leading-edge 
stall  line,  of  such  an  optimum.  This  would  be  due  to  the  initiation  of 
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closely  pure  trai  I  ing-edge  stall.  The  A  for  pure  tra  i  I  ing-edge 

stall  may  be  approximated  by  adding  to  the  increment  predicted  by  the  linear 

extrapolation  method  that  increment  due  to  effective  camber.  As 'previously 

stated,  the  camber  increment  will,  based  upon  combered  profile  studies,  be 

considerably  less  than  would  be  predicted  through  thin  airfoil  theory.  A 

"guestimate"  of  the  approximate  effect  of  increasing  on  a  pure  trail ing- 

edge  stal I ing  prof  ile  of  /c  =  15^  is  given  in  F ig.  IZI  C.  The  A 

for  the  base  profile,  to  which  the  camber  effect  must  be  added,  can  be 

considered  to  be  independent  of  flap  extent  and  may  be  obtained  from  Fig.  24 

or  from  the  "linear  extrapolation"  of  the  profile  series  in  question  at  the 

given  Reynolds  Number  (6x10^,  in  this  case).  Fig.  I2IB  demonstrates  the 

appearance  of  the  no-camber  /S  Ci  required  for  attainment  of  pure 

max 

trai I ing-edge  stall  with  64  series  configurations  at  a  Reynolds  Number  of 
6x10^.  The  nearly  horizontal  dashed  lines  of  Fig.  I2IA  represent  the  sum  of 
these  two  terms  for  64  series  profiles  at  this  Reynolds  Number  and 
C^4/C  =  15^. 

For  any  configuration  at  this  Reynolds  Number  and  of  this  flap  extent, 
the  A  assumed  to  ride  up  the  leading-edge  stall  or 

th  in-airfoil  stall  line  (dependent  upon  base  profile  stall  characteristics) 
until  either  the  pure  trai  I  ing-edge  stall  line  is  encountered  or  a  of 

3QP  is  attained.  For  the  64  series  configuration  it  can  be  seen  that  the 
former  would  be  expected  to  occur  for  thicknesses  greater  than  approximately 
10^  while  the  latter  would  probably  occur  for  thickness  under  10^.  If  the 
trai  I  ing-edge  stall  line  Is  not  encountered  prior  to  30°,  this  value  of 
cT^  indicates  the  maximum  A  attainable.  If  trai I ing-edge 
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stall  is  encounterec!,  A  Ci  variatioti  soil.  .5  this  curve  to  optimum 

‘  ma,* 

,  whicn  might,  fer  the  groalar  thickness,  bo  larger  than  It 

will  be  noted  that  for  the  64  series  conf  igurat ion  (F<.N.  =  oxIC^)  all 

configurations  of  t/c  ^  Idf,  .vil!  be  OKpecled  tn  have  ricsely  the  same 

characteristics,  itepencont  only  upon  the  camber  eiiect.  Of  course,  it  is 

possible  that  the  hinge-line  cut-ofi  may  vary,  creating  greater 

optimum  cT./i  ami  fi-us  gi'eafer  A  Ci  ’5  for  very  thick  profiles  as 
N  max 

compared  with  that  for'  the  14;?  t/c. 

It  has  been  noted  that  for  the  64A0I0  configuration  the  prematurity 
of  stall  created  by  a  forv/ara  separation  apparently  completely  discounts  any 
camber  effect,  A  0)^^^  compared  with  the  no-flap  profile  being  approximately 
.45  from  the  experimental  data.  Such  prematurity  of  tra  i  I ing-edge  stall  may 
be  expected  to  decrease  the  level  of  the  pure  trai I ing-edge  stall  line  by  an 
amount  which  is  greater  the  thinner  the  profile.  For  instance,  the  12;? 
profile  shown  here  probably,  because  of  its  thickness,  has  little  prematurity 
of  tra i I ing-edge  stall  and  hence  a  level  more  readily  amenable  to  such  ei 
method  of  prediction. 

The  leading-edge  and  hinge-line  stall  lines  fundashed)  of  Fig.  I2IA 
should  be  valid  for  configurations  at  Reynolds  Numbers  close  to, 6x10*^  and 
with  C^/^C  =  15;?.  These  curves  have  been  assumed  to  be  essentially 

independent  of  profile  series.  The  trai  I  ing-edge  stall  line  is,  however,  a 
function  of  profile  series.  Variation  from  a  given  profile  series  is  felt 
definitely  to  effect  the  tra  i !  ing-edge  stall  lines  much  more  than  the 
leading-edge,  although,  in  the  final  analysis,  tra i I ing-edge  stall 
prematurity  may  in  some  cases  completely  cloud  the  effect  of  profile  series. 
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In  the  same  way,  using  two  curves  to  take  into  account  differences  in 
leading-edge  stall  type  might  well,  for  prediction  purposes,  be  splitting 
hairs.  This  is  pa''f icularly  true  if  variations  due  to  leading-edge  stall 
prematurity  are  larger  than  expected.  A  poorly  designed  flap-wing  juncture 
or,  to  a  lesser  extent,  location  of  the  hinge  at  any  point  other  than  the 
lower  surface  (assumed  in  this  analysis)  could  also  alter  the  situation 
considerably.  Thus,  Fig.  I2IA  does  not  purport  to  yield  extremely  accurate 
data  but  does  reveal  the  expected  trends  and,  it  is  thought,  gives  as  close 
a  prediction  as  is  possible  considering  the  dearth  of  systematic  experimental 
work. 

Fig.  I2IA  demonstrates  the  nature  of  the  constant  Reynolds  Number, 
constant  case,  and  attempts  to  predict  A  attainable 

when  R.N.  =6x10^  and  =  15^.  It  says  nothing,  however,  concerning 

the  effects  of  Reynolds  Number  or  flap  extent  variations.  Reynolds  Numbers 
effects  would  be  expected  to  be  quite  important  with  regard  to  the 
characteristics  of  any  control  with  the  basic  function  of  delaying  or 
eliminating  leading-edge  separation.  Decreasing  Reyno I ds  Number,  from 
Section  3.1,  would  be  expected  to  have  the  same  general  effects  as  decreasing 
profile  thickness  or  ieading-edge  radius.  Stall  would  tend  away  from  the 
leading-edge  type  and  toward  the  th  in-a irfo i I .  Due  to  the  variable  Reynolds 
Number  effects  upon  trai I ing-edge  stall  implied  by  the  linear  extrapolation 
method,  however,  stal I -pattern  progression  could  not  be  expected  to  be  the 
same  as  shown,  for  the  case  of  thickness,  in  Fig.  119. 

Figs.  122  and  123  present  the  totality  of  information  available  for 
profiles  with  contoured  leading-edge  flaps  tested  throughout  a  series  of 
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Reynolds  Numbers,  Deflected  flap  data  for  the  sharp  leading-edged  profiles 
of  Fig.  122  and  the  65A006  (Fig.  123)  covers  only  the  case  of  combined 
leading-edge  and  tra i I ing-edge  flap  deflections.  However,  in  that  the  base 
profile  as  well  as  the  flap-deflected  data  shows  a  near  invariance  with 
Reynolds  Number  for  these  th in-airfoi I  type  stalling  configurations,  it 
should  be  safe  to  say  that  Reynolds  Number  effects  upon  the  sharp-nosed 
configuration  are  negligible  for  all  values  of  leading-edge  flap  deflection. 

The  64A0I0  configuration  shows  characteristics  which  vary  considerably 
with  Reynolds  Number,  The  A  whether  based  upon  the  =  0°  case 

or  the  no-flap  (dashed  line)  case,  demonstrates  variations  nearly  as  large 
as  variations,  particularly  at  high  deflection  values.  Possible 

Reynolds  Number  effects  upon  the  leading-edge  stall  line  of  Fig.  121  are 
extremely  clouded,  again  because  of  the  apparent  prematurity  of  base  profile 
stall,  as  well  as  the  lack  of  base  (no  flap)  data  for  the  lower  Reynolds 
Numbers.  Basing  A  upon  the  no-flap  profile  (dashed  line  Fig.  122), 

correlation  at  all  but  the  higher  Reynolds  Numbers  with  the  R.N.  =  6x10^ 
curve  of  Fig.  121  seems  reasonably  good.  The  same  can  be  said  for  the  low 
Reynolds  Number  data  given  in  Ref,  84.  It  would  thus  be  thought  that,  for 
prediction  purposes,  the  th  in-airfoi I  and  leading-edge  lines  of  Fig.  121 
can  be  taken  to  hold  good  for  all  Reynolds  Numbers.  The  very  smal I  amount  of 
data  upon  which  this  assumption  is  based  should,  however,  be  borne  in  mind, 
and  exacting  accuracy  should  not  be  expected. 

The  fall-off  in  A  Gi  ,even  at  low  values  of  cT,^  ,  at  the  higher 

'max 

Reynolds  Numbers  is  felt  to  be  attributable  to  the  advent  of  trail  ing-edge 
stall.  Fig.  123  compares  the  variation  of  the  required  for  trail ing- 
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edge  stall,  as  obtained  ■from  the  linear  extrapolation  method  (64  series) 

with  Reynolds  Number  and  the  Ct  attainable  at  a  cTk,'  =  30°  for  the 

'max 

64A0I0  also  vs  Reynolds  Number.  There  appears  here  to  be  an  unusually  good 

correlation.  As  stated  previously,  such  correlation  is,  to  a  certain  extent, 

happenstance  because  the  linear  extrapolation  method  as  used  does  not 

consider  either  camber  effect  or  the  reverse  trend  of  stall  prematurity  due  to 

leading-edge  sepai'ation.  However,  some  corroboration  of  the  linear 

extrapolation  method  is  seen  in  such  a  curve. 

Fig.  125  demonstrates  the  effect  of  Reynolds  Number  upon  trail  ing-edge 

stall,  from  the  I  inear  extrapolation  method,  for  63  and  65  series  profiles  as 

compared  with  the  data  points  available  for  the  63|0I2  and  65A006  configurations 

at  =  30°.  The  63|0I2  has  a  greater  than  predicted  value  due  to  the 

cafnber  effect  and  relative  absence  of  any  stall  prematurity  while  the  65A006 

attains  a  much  lower  lift  because,  due  to  its  thinness,  it  cannot  approach 

the  pure  trai I ing-edge  stall  condition. 

For  the  64A0I0  configuration  at  all  Reynolds  Numbers,  it  can  be  seen 

that,  as  the  linear  extrapolation  method  correlates  almost  exactly,  the 

cafnber  effect  must  be  opposed  by  a  closely  equal  effect  of  stall  prematurity. 

This  counteracting  effect  must  be  considered  in  applying  the  tra i  I  ing-edge 

stalling  curves,  at  the  Reynolds  Number  in  question,  as  shown  in  Fig.  121. 

Unfortunately,  all  that  can  be  said  regarding  this  phenomenon  is  that 

tra i 1 ing-edge  stall  prematurity  can  reduce  the  A  Ci  for  tra i I  ing-edge 

max 

stall  by  as  much  as  0.1.  Also,  stall  prematurity  will  be  most  severe  for 

profiles  of  lesser  thickness,  reducing  to  zero  for  the  thicker  profiles 

which  show  the  least  A  Ci  ,,,  attainable. 

'  rnQX 
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Although  the  with  flap  at  the  low|r  Reynolds  Numbers  appears  to 

fall-off  (Fig.  124),  this  is  not  felt  to  be  true  of  A  Ci  ,  assuming 
^  '  I  'max 

a  rapidly  decreasing  (with  Reynolds  Number)  ll)ase  profile  in  this 

regime.  There  is  an  indication  that,  at  thij;  low  Reynolds  Number,  optimum 
cTfg  can  increase  beyond  30°.  The  mechanism  by  which  this  is  accomplished 
is  not  understood,  and,  in  fact,  very  low  Rej/nolds  Number  work  done  at 
Princeton  showed  no  such  tendency,  j 

The  important  indication  obtained  from  the  Reynolds  Number  studies 
is  that  increasing  the  Reynolds  Number  of  roind-nosed  profiles  can  decrease 
the  A  attainable  through  the  use  o^  the  contoured  leading-edge 

flap.  Section  3.1  (Fig.s  22  to  25)  demonstrate  that,  according  to  the  linear 
extrapolation  method,  increasing  Reynolds  Nuiber  decreases  the  thickness  for 
which  lift  increment  due  to  the  prevention  o|f  leading-edge  stall  goes  to  zero. 
For  such  thicknesses  and  greater,  the  only  A  ^ I ®  will  be  that 

due  to  camber  effect,  which  is  of  negligible^  value.  Thus  low  speed  wind 
tunnel  tests  should  not  be  expected  to  y ie I dj  accurate  flight  prediction  for 
leading-edge  flapped  configurations  of  8^  to  14^  thickness.  Relatively  thin 
sharp-nosed  configurations  and  round-nosed  cLnf igurat ions  under  6%  in 
thickness  would  however  be  thought  to  be  amenable  to  such  an  approach  so 
long  as  flight  Reynolds  Number  is  under  approximately  15x10^. 

The  effect  of  chordwise  flap  extent  haj  only  been  treated  in  one 

reference  using  only  one  profile  and  Reynolcjs  Number  and,  as  a  consequence, 

little  can  be  said  regarding  the  many  cross  effects.  Fig.  126  demonstrates  the 

results  of  the  studies  described  in  Ref.  Tej  It  will  be  noted  that,  for  this 

configuration,  increases  in  flap  chordwise  elxtent  serves  to  increase  A  Ci 

I  'max 
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T.is  effect  is  .ore  pronoueced  the  greater  the  flap  deflection  until  a 
reflection  of  greater  than  20O  is  ohtalned,  after  .hich  this  secondarv  effect 

diminishes. 

for  this  trend  is  felt  to  be  ■'ca.ber  effect".  Theoretical 
The  major  cause  for  this  treno 

•  n  Q-f-fortive  as  it  is  moved  aft  from  the 
considerations  sho.  that  camber  .s  more  effective 

profile  nose;  and,  it  must  be  remembered,  that  a  portion,  though  only  a 
portion,  of  the  lift  increase  caused  b,  a  leading-edge  flap,  even  in  the 
loading-edge  stalling  regime,  can  be  attributed  to  camber.  (See  the  camber 
studies  of  section  3.1).  Of  course,  full  theoretical  circulation  cannot  be 
ochleved  due  to  the  adverse  effect  of  camber  on  trai I ing-edge  stal I .  However, 
a  comparison  between  the  data  given  in  Fig.  126  and  the  camber  effect 
esti^ted  in  Fig.  I2IC  reveals  a  correlation  in  beeping  with  the  expected 

effect  of  moving  the  point  of  maximum  camber  aft. 

The  fall-off  Where  *  is  Increased  beyond  20=  is  difficult  to 
explain,  but  Is  probably  phenc^na  created  through  premature  trail ing-edge 

separation,  such  prematurity  initiating  either  through  a  leading-ecge  bubble, 

p,  +h  nn+irnum  cTm  holds  at  sI  ightly 
the  adverse  effect  of  camber,  or  both.  Optimum  n 

greater  than  30°  for  all  flap  extents  tested. 

„  the  effect  of  flap  extent  can  indeed  be  attributed  to  the  camber 

effect  or  circulation,  it  would  be  expected  that  the  curves  of  Fig.  126  .III 

closely  hold  at  all  Reynolds  Numbers  and  for  all  thicknesses.  In  the 

absence  of  additional  data  such  must  be  assumed,  at  least  for  iTn  “P 

20°. 

The  leading-edge  flap  would  become  the  e, bivalent  of  a  trai 1 ing-edge 
flap  if  the  hinge-l ine  .ere  moved  sufficiently  aft.  Here  optimum^  (or. 

In  this  case,  )  can  increase  to  greater  than  60°  and.  Judging  from 


-193- 

CONFIDENT  I AL 


test  data.  A  C.,,  wMI  be  greater  at  all  pref.le  thicknesses  and 
Revnolds  Nu.bers  than  could  be  possible  with  the  usual  leading-edge  flap. 

This  superiority  in  lifting  capability  sho.n  by  the  trai I ing-edge  flap  .s 
considerably  greater  for  profile  thicknesses  .here  the  base  profile  stalls 
,ro»  the  trail Ing-edge.  Although  the  trai I Ing-edgs  flap  looks,  on  the  surface, 
to  be  the  "best  leading-edge  flap",  it  must  be  remembered  that  fhere  Is  such 
a  thing  as  pitching  moment,  and,  further,  that  a  leading-edge  flap  can  be  of 
considerable  value  in  conjunction  «ith  a  trai I ing-edge  circulation  control. 

For  prediction  purposes,  it  »ould  seem  reasonable  to  use  Fig.  126 
additively  .ith  Fig.  I2IA  in  the  leading-edge  stalling  regime.  For  trailing- 
edge  stall,  it  is  possible  that  the  values  sho.n  in  Fig.  126  for 

greater  than  10°  are  misleadingly  low. 

Little  could  be  gained,  in  predicting  Reynolds  Number  effect  and  the 

effect  of  flap  extent,  to  become  as  deeply  Inyolved  as  in  the  presentation 
of  the  thickness  effect.  The  apparent  flow  mechanisms  .ere  outi ined  for 
the  thickness  effect  on  the  basis  of  logic  and  a  reasonable  amount  of 
experimental  data.  Here,  consideration  of  all  the  many  variables  would,  in 
the  rather  shocking  absence  of  experimental  data,  only  lead  to  undue 
rat ional izat ion. 

Fig.  127  shows  the  A  attainable  through  use  of  contoured 

4-  4-  +/->  Pin  \o\  i*h  i s  D i oi"  consid©r5  probsbl© 

leading-edge  flaps.  In  contrast  to  Fig.  121,  P 

C^/c  effects  and  the  estimated  effects  of  Reynolds  Number.  Fig.  127 
i5  intended  to  serve  either  of  two  purposes;  (I)  to  indicate  the  trends  which 
might  be  of  importance  in  pre-design  investigations  and,  (2)  to  predict  as 
closely  as  possible,  under  the  1 imitat ions  of  existing  knowledge,  the 
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A  Cl  attainable  for  a  given  configuration  under  given  free-stream 

conditions.  Because  of  this  dual  purpose,  these  curves  infer  a  greater 
accuracy  than  is  probably  the  case.  The  many  conflicting  phenomena  involved 
and  the  low  magnitudes  of  A  ^l^iax  dealt  with  make  truly 

accurate  prediction  impossible,  but  do  permit  evaluation  of  the  trends. 

The  A  Cl  shown  for  this  figure  is  based  upon  the  characteristics 
of  the  no-flap  base  profile.  Such  characteristics  may  be  found  from  Fig.  16 
and  17,  Refs.  9,  21,  22,  23,  or  24,  or  from  tunnel  tests.  If  it  is  desired 
to  use  (fo  =  0°  as  a  base,  the  difference  in  base  profile  C|  between 
these  two  cases  should,  if  large,  be  taken  into  account. 

Although  taking  base  profile  stall  type  into  consideration  for  the 
prediction  of  the  leading-edge  stall  line  probably  exceeds  the  accuracy  of 
Fig.  127  when  it  is  used  for  prediction  purposes,  this  information  may  be 
estimated  from  Fig.  18,  The  effect  of  jc  may  be  determined  from 
Fig,  126.  The  leading-edge  stall  line  may  then  be  defined. 

The  tra  i  I ing-edge  stall  I  ine  may  be  defined  through  use  of  the  linear 
extrapolation  method.  The  A  ^^l^ax  method  is  given 

vs  thickness  for  various  Reynolds  Numbers  and  profile  series  in  Figs.  24 
and  25.  To  the  quantity  obtained  here,  values  must  be  added  for  the  camber 
effect  and  subtracted  for  the  effect  of  trai I ing-edge  stall  prematurity. 

The  camber  effect  has  been  estimated  in  Fig,  I27B  through  cambered  profile 
considerations  and  the  information  of  Fig.  126.  Rather  arbitrarily,  and 
b^sed  only  upon  the  limited  experimental  information  available,  the  effect 
of  tra  i  I  ing-edge  stall  prematurity  is  assumed  to  reduce  Ci  ,  as 

estimated  from  the  linear-extrapolation  method  plus  the  camber  effect,  by 
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0.10  at  a  cT,  of  30°  where  the  previously  estimated  A  Ci  is  greater 
N  ‘  —^1  niux 

than  0.40.  If  the  previous  A  Ci  is  less  than  0.40,  there  is  assumed 
to  be  no  stall  prematurity.  After  adding  the  linear  extrapolation  result, 
the  camber  effect,  and  the  prematurity  effect,  this  trail ing-edge  stall 
curve  may  be  superimposed  upon  the  previously  defined  leading-edge  stall 
line.  If  the  tra i I ing-edge  stall  line  crosses  the  leading-edge  line,  it, 
the  trai  I  ing-edge  line,  will  establish  A.  greater  than 

that  at  cross-over  and  less  than  that  for  hinge-line  stali. 

Hinge-line  stall  (or  rather,  optimum  )  occurs  along  the  =  30° 
line  except  for  the  thicker  trai I ing-edge  stalling  profiles  which  may  have 
characteristics  continuing  out  along  the  trai I ing-edge  stall  line  to  flap 
deflections  as  great  as  45°. 

Although  many  of  the  effects  here  considered  may  be  disregarded  for 
normal  prediction  work,  the  general  trends  due  to  the  advent  of  trail  ing- 
edge  stall  are  felt  to  be  quite  important  and  should  not  be  neglected. 

Fig.  106  illustrates  three  additional  types  of  leading-edge  flap;  the 
Krtj’ger  flap,  the  N.A.C.A.  upper-surface  leading-edge  flap,  and  the  N.A.C.A. 
lower-surface  leading-edge  flap.  These  three  controls  may  be  described  as 
"extensible"  leading-edge  flaps,  as  each  provides  a  means  of  increasing 
wing  area  while  flap  deflection  is  taking  place.  Their  relationship  to  the 
"contoured"  leading-edge  flap  is  thus  somewhat  analogous  to  that  of  the 
Fowler  flap  to  the  plain  tra i I ing-edge  flap. 

The  three  extensible  leading-edge  flaps  differ  in  the  manner  in  which 
flap  deflection  and  the  resulting  chord  extension  is  brought  about.  The 
Krliger  flap,  provides  a  flap  hinge  at  the  profile  leading-edge,  the  flap 
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upper-surface  being  of  a  camber  indent  ical  to  that  of  the  portion  of  the 
profile  lower-surface  into  which  it  must  retract  when  not  in  use.  The 
N.A.C.A.  lower-surface  flap  operates  in  a  manner  similar  to  the  Kruger 
flap,  but  here  the  flap  hinge,  rather  than  being  at  the  profile  leading-edge, 
is  located  somewhat  beneath  the  profile's  nose  on  the  lower  surface.  As 
opposed  to  the  hinged  geometry  of  the  other  two  flaps,  the  N.A.C.A.  upper- 
surface  leading-edge  flap  provides  a  sliding  flap,  which,  when  not  in  use, 
forms  the  profile  nose  and  the  most  forward  portion  of  the  profile  upper- 
surface.  While  the  Kruger  and  lower-sur-'ace  flaps  provide  for  nearly  180° 
of  flap  deflection,  the  ipper-surface  flap  is  pretty  much  limited  to  one 
deflection  value  for  any  one  extension  setting,  this  deflection  being  a 
function  of  the  radius  of  curvature  provided  for  the  sliding  action.  Of 
course,  for  a  given  thin  profile,  this  system  permits  only  slight  chord 
extension  for  high  deflection  values  or  very  limited  deflection  for  large 
values  of  chord  extension.  It  will  be  noted  that  all  the  extensible  flaps 
shown  in  Fig.  106  are  provided  with  a  bulb-1  Ike  leading-edge  as  the  majority 
of  tests  described  in  the  literature  make  use  of  this  device.  Extensible 
leading-edge  flaps  are  treated  in  Refs.  72,  88,  91,  92,  and  93.  Fig.  128 
demonstrates  the  notation  which  will  be  used  to  describe  extensible  flap 
geometry  in  this  report. 

The  characteristics  of  the  extensible  flap  should  differ  from  contour- 
flap  characteristics  by  virtue  of  the  chord  extension  and  also  because  the 
flap  leading-edge  radius  no  longer  need  be  Identical  to  that  for  the  base 
profile.  Thus  it  would  be  expected  that  the  extensible  flap  could  be 
designed  to  produce  greater  lift  increments  and  also,  because  of  the  forward 
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chon!  extension,  to  create  a  more  favorable  pitch  irig  woment  situation.  The 
general  flow  mechanisms  discussed  for  the  contoured  flap  conf  igurat ion 
should  still  hold,  however,  for  the  extensible  versions. 

Fig.  129  shows  test  results  of  ACi  vs  flap  deflection  for  five 

'  max 

configurations  utilizing  extensible  leading-edge  flaps.  All  three  roxtenslble 

flap  types  are  represented  here  and  flap  extent  is  .10c  for  each  case. 

Reynolds  Number  and  flap  bulb  size  are,  however,  variable.  It  should  be 

here  pointed  out  that  the  selected  notation  reveals  for  the  hinges  flaps  a 

cff.4  of  closely  180°  when  the  flap  is  in  the  retracted  position.  Hence, 

for  the  lower-surface  and  Kruger  flaps,  increasing  deflection  with  the 

retracted  positipn  as  base  will  decrease  from  180°  until,  at  zero 

degrees,  the  flap  is  extended  directly  forward  from  the  profile  leading-edge. 

Because  of  under-surface  spoiling  and  a  resultant  negative  effective  camber, 

'^'l/nax  figure  to  actually  decrease  for  such  flap  types 

until  =  90°.  As  the  flap  is  further  deflected  (decreasing  ) 

maximum  lift  proceeds  to  increase,  and  only  at  nominal  beneath  70'^ 

does  such  a  flap  become  a  lift  increasing  device  with  respect  to  the  base 

profile.  Between  =  0°  and  =  70°  it  would  be  thought  that 

these  configurations  would  have  the  same  general  characteristics  and  show 

the  same  separat ion-stal I  phenomena  as  the  contoured  flap.  Unfortunately, 

no  data  exists  for  either  the  Kruger  or  lower-surface  flaps  at  5  of 

less  than  40°.  Stall  is  suspected,  for  the  configurations  shown,  to  be  of 

the  laminar  type  and  to  occur  from  the  base  profile  leading-edge  for  all 

(5^^  3  greater  than  approximately  50°.  In  that  this  type  of  stall  corresponds 

physically  to  the  hinge-line  stall  which  finally  limits  A  Ci  for 

•  max 
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contour-flapped  configurations,  Fig.  129  gives  some  insight  into  the  trends 
which  contour-flap  maximum  lift  would  take  if  were  permitted  to 

increase  beyond  the  values  considered  in  that  discussion.  The  initial  lift 
loss  achieved  in  deflecting  the  hinged  type  of  extensible  flap  may  be  an 
important  consideration  in  determining  the  feasibility  of  applying  such  a 
system. 

The  apparent  optimum  cT^  for  the  cases  shown  in  Fig.  129  is  between 
45°  and  60°.  it  is  felt  that  this  compar it iveiy  large  optimum  deflection 
may  be  somewhat  misleading,  probably  being  an  effect  of  low  Reynolds  Number 
at  least  for  the  Kruger  flap  cases.  For  the  configuration  with  the  lower- 
surface  flap  this  large  apparent  optimum  deflection  value  is  difficult  to 
explain,  the  effect  of  the  profile  overhang  being  almost  impossible  to 
analyze  with  such  limited  experimental  data.  The  probable  explanation  in 
this  case  is  that  the  stall  shown  is  actually  a  secondary  stall,  with  no 
data  taken  at  sufficiently  low  cT^'^  to  define  the  primary  stall. 

The  lower  surface  flap  would  be  expected  to  reveal  an  early  primary 
stall,  and  lift  increases  through  deflection  of  this  device  should  be  quite 
small.  The  reason  for  these  effects  is  the  overhanging  profile  nose  which 
will  cause  very  early  separation  compared  with  the  other  flap  types  under 
discussion.  Fig.  129  reveals  considerably  more  potentiality  for  the  upper- 
surface  flap  than  for  the  lower  surface.  Here  there  is  no  sharp  bfeak  at 
the  upper  portion  of  the  fJap  and  the  flow  is  not  forced  through' near  I y  so 
large  an  adverse  pressure  gradient. 

Available  data  for  configurations  fitted  with  the  Kruger  flap  indicate 
that  it  is  as  effective  as  the  upper-surface  flap.  This  should  certainly  be 
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the  case,  as  these  two  flaps  differ  only  in  mechanical  operation  and  cannot 
be  distinguished  aerodynamical  I y.  It  will  be  noted  that,  with  t!ie  2315  BIS 
profile,  the  Kruger  flap  yields  a  greater  A  where  the  D/C  =  .024  than 

where  D/C  =  ,008.  This  is  felt  to  be  indicative  of  leading-edge  (or  th in¬ 
airfoil)  stall  being  the  limiting  phenomena  at  all  cQ'-s  prior  to  the  advent 
of  hinge-line  stall.  Certainly,  bu.lb  size  would  create  such  an  effect  if 
this  were  the  case,  while,  if  tra i I ing-edge  stall  governed  lifting  capabilities 
at  the  lower  cTi^'s  /  such  an  effect  would  not  be  expected. 

Trai  I  ing-edge  stall  is  possibly  present  at  low  for  the  "changed" 

Mustang  configuration.  The  thick  section  and  higher  Reynolds  Number  would 
be  capable- of  creating  this  stall  type  and  the  comparatively  low  maximum 
A  in  combination  with  a  fairly  large  bulb  would  indicate  the 

possibility  ef-  such  separation  phenomena.  Of  course,  the  rapid  lift  fall- 
off  shown  in  decreasing  beneath  the  apparent  optimum  would  seem  to 

weaken  th i s' interpretat ion. 

Fig.  130  demonstrates  the  effect  of  flap  extent  and  bulb  size  (D/C)  upon 
the  lift  increasing  capabi  I  it  ies  of  the  251 5 B  I S  prof  i  I e.  An  increase  in 
c^//c  results  in  a  larger  lift  loss  in  the  high  6'f^  range  while  seemingly 
lowering  the  optimum  5  ,  increases  in  at  constant  D/C  yield  an 

increase  In  A  ^l^iax' apprarent  optimum  ,  while  increased 

D/C  also  increases  A  most  noticeably  at  the  apparent  optimum 

flap  deflection.  Fig.  131  demonstrates  the  latter  trends  somSewhat  more 
clearly.  It  can  be  seen  here,  however,  that,  when  D/C  is  greater  than 
=  .04,  A  C|^a^  may  I  evel  or  fall-off.  Again,  this  increase  in  lifting 

potential  with  increases  in  D/C  may  be  attributed  to  the  effect  of  the 
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Lrser  bulb  sibe  permitting  tbe  foruarP  stagnation  point  to  move  turtber  around 
tne  bulb  prior  to  Initiation  of  separation.  C,/c  effect  may  be  seen  to 
be  in  keeping  .Itb  tbe  order  of  magnitude  described  for  tbe  contoured  flap 
(high  cTm  )  and  thus  may  be  attributed  to  the  increase  in  effective 
created  by  moving  tbe  binge  I Ine  proportionately  aft.  Of  course  tbe  Increase 
i„  Chord  created  by  sucb  chord  extensions  bas  some  additional  and  additive  effect. 
Kriiger  (Ref.  m  plotted  tbe  lata  available  to  bim  and  produced  tbe 

cb  sucb  a  device  for  use  .Itb  thick  profiles,  this  plot  does  sbo.  a  realist, 
trend,  It  does  not  maintain  a  constant  0/C  and  permits  ratber  large  Reynolds 
Number  variation.  Plotting  additional  data  on  tbe  same  graph,  as  bas 

been  done  in  Fig.  132,  sbo.s  Kruger's  curve  to  be  an  oversimplification.  In 
tsct.  bad  be  Chosen  a  0/0  of  other  than  .02.  for  tbe  2313  BIS  profile  (see 
Fig  131),  his  curve  would  have  been  altered  considerably.  It  is  strongly 
felt  that  0/C,  c„,c  ,  an-  Paynolds  Number  as  well  as  profile  thickness 
and  Shape  are  Important  variables  and  must  be  considered  In  any  prediction 
ct  the  eKtensible  flap's  effectiveness  in  increasing  maximum  ,1ft  beyond  tba 

attainable  by  the  base  profile. 

Although  little  data  exists,  it  is  possible  to  at  least  gua, itat ively 

predict  the  effects  of  the  several  variables  In  tbe  range  from  S.  -  0° 

4-u  •  io  in  the  ranqe  where  the  Kruger  type  of 
to  =  optimum.  Beyond  this, 

flap  operates  when  being  deflected,  it  must  suffice  to  say  that  maximum 

will  be  decreased  beneath  that  tor  the  base  profile,  this  effect  being 

r  the  flap  extent  Only  immediately  prior  to  the  attainment 
greater  the  greater  the  flap  exrenT.  uniy 

of  optimum  will  the  lift  increment  become  positive. 
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The  extensible  flap  case  differs  from  that  of  the  contour  flap's  by 
virtue  of  (I)  the  extension  of  the  physical  chord  and  (2)  the  possibility,  with 
extensible  flaps,  of  placing  almost  any  sized  bulb  on  the  flap  leading-edge, 
thus  making  the  flap  leading-edge  radius  capable  of  being  considerably 
different  from  the  profile  leading-edge  radius.  Because  of  this  latter 
variable,  the  approach  here,  for  qualitatively  predicting  the  A 
created  by  any  leading-edge  flap  in  the  low  c^i  range,  will  be  based  upon 
the  concept  of  an  equivalent  profile,  this  profile  being  that  which  is 
produced  if  the  fla^  is  permitted  to  be  deflected  to  a  position  where 
cf ^  =  0°;  that  is,  where  the  flap  leading-edge  lies  upon  the  base  profile's 

chord  I ine. 

This  equivalent  profile  will  be  of  considerably  different  section,  the 
characteristics  of  which  are  not  readily  ascertainable  without  resorting  to 
experimentation.  However,  if  only  leading-edge  stall  is  considered,  it  may 
be  pospihle,  from  such  a  concept,  to  demonstrate  the  low-deflection  trends 
in  A  It  will  be  assumed  for  the  time  being  that  no  trai I ing-edge 

stall-  may  occur  and  that  leading-edge  radius  may  replace  profile  thickness 
and  thickness  distribution  in  determining  leading-edge  stall  characteristics. 
Were  this  the  case,  it  might  be  said  that  when  the  bulb  diameter  is  made 
closely  equal  to  the  diameter  of  the  base  profile  leading-edge,  the  maximum 
I  ift  coefficients  of  the  two  profiles-base  and  equ ivalent-woul d  be  closely 
equal.  If  lift  coefficient  were  based  on  the  base  profile  chord,  the 
equivalent  profile  with  — (see  Fig.  128)  would  yield  a 

C-tC^,  c 

A  C|max  chord  extension  effect: 
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AC(,  =  C«  y  Cm/C 

It  might  be  observed  that  base  profile  stall  prematurity  should  not  enter  into 
this  problem  as  the  base  and  equivalent  profiles  would  experience  closely 
equal  difficulties  along  this  line.  The  concept  of  equivalence  of  radii  ■ 
here  presented  is  highly  qualitative,  taking  profile  shape  completely  out  of 
the  picture. 

Using  this  concept  as  a  datum  for  the  =  0°  case,  it  is  obvious, 
considering  the  mechanism  of  leading-edge  stall,  that  increases  in  D/C  beyond 
that  equal  to  2r/c  will  increase  •A  C I  max  decreases  in  D/G  will  decrease 

A  C|max‘  There  of  course  might  come  a  time  where  increases  in  D/C  can  do  no 
further  good,  but  this  would  be  thought  to  be  a  matter  involving  the  occurrence 
of  trai  I  ing-edge  stall  which  is  currently  being  neglected.  Whether,  at  =  0®, 
A  Cl  (with  respect  to  the  base  profile)  becomes  negative  is  a  matter  of 
profile  leading-edge  radius  and  shape,  D/C,  and  C|y|/C.  However  it  is  quite 
possible  with  sufficiently  low  D/C  for  this  to  occur. 

It  is  thus  obvious  that  increases  in  base  profile  thickness  can  cause 
severe  diminishing  in  the  A  provided  by  a  buib  of  fixed  D/C  even 

where  =  0°.  Reference  85  treats  the  effects  of  leading-edge  bulbs 
upon  profile  lifting  characteristics  and  it  is  interesting  to  note  that  such 
bulbs  even  at  zero  flap  deflection,  can  be  as  effective  as  a  contoured  leading- 
edge  flap  in  increasing  the  profile's  maximum  lift.  This  is  not  surprising 
considering  the  primary  function  of  both  devices  is  to  delay  or  prevent 
leading-edge  stall. 
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Still  assuming  that  tra i I ing-edge  separation  will  not  occur,  it  is  of 
some  interest  to  speculate  upon  the  appearance  of  the  ^ 
curve  tor  the  extensible  flap  case  when  is  t  .ween  zero  and  optimum. 

Although  the  origin  (  (T^j  =  0°)  of  such  a  curve  will  depend  upon  C(^/C  , 

D/C,  and  base  profile  thickness,  it  is  felt  that  its  slope  will  depend  for 
the  most  part  only  on  j  C,  .  This  effect  will  cause  increased  slope 
with  increased  /c  by  virtue  of  the  greater  circulation  provided  and 

will  not  include  chord  extension  as  this  has  been  already  accounted  for  at 
(Ti j  =  0°.  For  this  reason,  the  slope  of  the  /ik  Ci  vs  cTw  curve 

may  be  estimated  from  the  contoured  flap  work.  Fig.  133  illustrates  the 
probable  appearance  of  the  low  -  (Ti,  portion  of  the  ^  Ci  ^  vs 
deflection  curve  for  such  flaps,  based  upon  this  discussion. 

The  occurrence  of  trai I ing-edge  stall  and  the  effects  of  tra  i  I  ing-edge 
separation  on  the  leading-edge  stall  pattern  discussed  above  is  somewhat 
difficult  to  predict.  This  is  because  trai I ing-edge  stall  characteristics 
will  be  altered  by  the  chord  extension  and  the  bulb.  The  "equivalent"  profile 
thus  may  have  considerably  different  characteristics  than  the  base,  and  its 
linear  extrapolation  is  difficult  to  ascertain.  From  information  included  in 
Ref.  85,  it  may  be  inferred  that  the  combination  of  a  very  large  D/C  and  a 
smal  \  C  I C  will  alter  prof i le  shape  so  as  to  ra i se  the  I i ft  level  of 
the  linear  extrapolation.  Also,  such  a  flap  can  change  the  stall  pattern 
for  the  S =  0°  case  from  leading-edge  to  trai I ing-edge.  Of  course,  the 
extensible  flap  with  a  D/C  small  in  comparison  with  the  diameter  of  the  base 
profile's  leading-edge  and  with  a  large  /'c  would  probably  lower  the 
lift  level  of  the  linear  extrapolation  and,  if  applied  to  a  tra i I ing-edge 
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stalling  profile,  could  alter  the  =  0°  stall  type  to  leading-edge. 

Therefore  the  tra i I ing-edge  stall  pattern  should  be  established  for  the 
equivalent  profile  rather  than  the  base.  This  would  probably  be  best  done 
through  comparing  the  equivalent  profile  (discounting  the  under-surface 
cutout)  with  known  profile  series  in  an  attempt  to  find  correspondence  of 

the  term  D/C  divided  by  Z| — — H  ,  with  the  term,  \r/c.  divided  by 

Lc  +  Cfs/J  • 

(t/cmax)^  and  point  of  maximum  thickness.  The  corresponding  profile  series' 
linear  extrapolation  would  then  be  used  to  determine  the  occurrence  of 
tra  i  I  ing-edge  stall.  It  can  also  be  seen  that  the  profile  which  most  nearly 
corresponds  to  the  equivalent  profile  may  be  used  to  determine  the  equivalent 
profiles'  C|__..  at  zero  cT.,  .  The  A  Ci  ,  with  respect  to  the  base 
prof i le,  for  the  ■S'w  =  0°  case  may  thus  be  obtained  after  correction  is 
made  for  chord  extension.  Of  course,  data  for  a  profile  series  of  which  the 
equivalent  profile  could  be  a  member  may  very  likely  not  exist  and  the 
assumption  of  no  effect  of  under-surface  cutout  will  be  somewhat  invalid  for 
many  bulb  sizes  unless  the  bulb  is  made  to  fair,  in  a  reasonably  flat  curve, 
into  the  flap  lower-surface.  However,  such  an  approach  as  presented  here 
seems  currently  the  only  way  to  semi -quantitatively  indicate  the  suspected 
trends. 

For  quantitative  prediction,  the  following  procedure  is  suggested  for 
the  estimation  of  A  Cimax  extensible  flaps. 

(1)  Determine  the  D/C/ft/c^ax^^  ^nd  point  of  max.  t/c  for  the 

equivalent  profile  (the  new  profile  with  =  0°  -  flap  straight  forward) 

(2)  Find  a  profile  and  profile  series  of  known  characteristics  or 
estimate  (through  interpolation)  such  characteristics  (Cj^^g^  vs  t/c)  where: 
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(a) 


)mak 
(b)  -f/c 


- 

pt'ofile 

^  ^  - _ 

(_C.+ ^.cjufv.  pna-file 


(for  series  and  profile) 
( for  prof  i  le) 


(c)  Point  of  max  t/c  =  Point  of  max  t/c  for  equiv.  profile 

,  •  and  63  series  data  for  interpolation 

(Use  of  sharp  leaciinQ-eoge,  00  seres, 

purposes  may  bo  helpful  -  Point  of  max.  thickness  should  not  be 
too  important  in  step  3  so  long  as  stall  is  of  the  leading-edge 

type) 

(3)  Estimate  the  corresponding  profile's  at  the  given  Reynolds 

Number.  Assume  of  the  equivalent  prof i le  to  be  the  same.  Find  the 

u  +h„  Niiar,  a+  cT  =  0°  bv  the  formula; 

A  Cl  given  by  the  flap  at  -  o  uy  m 

^  'max  ^ 


profit 


,  praf.ie  -  / 

(4)  Knowing  Cn/(Cn  +  O,  determine  A  due  to  cTk,  for 


eading-edge  (or  thin  airfoil)  stall  from  the  leading-edge  stall  curve  of 
:ig.  127,  (Remember  Cn/CCn  +  C)  should  be  used  as  Cn/C  in  this  step) 

(5)  Ascertain  the  I  inear  extrapolation  ^  for  tra i I ing-edge 

stall  from  information,  at  the  given  Reynolds  Number,  obtained  from  the  profile 
series  which  most  closely  conforms  geometrically  to  the  equivalent  profile 

(use  t/c  =  for  equiv.  profile). 

.(6)  Determil  the  effect  of  cT^  by  procedure  out  I ined  in  Fig.  127. 

(7)  Add  A  Ci^^^for  cT,  =  0°  (step  3)  and  that  for  the  effect 

(step  6).  Use  hinge-line  cut-off  shown  in  Fig.  127. 

Again,  as  was  the  case  with  the  contoured  flap  predictions,  the  tedious 
method  seems  unjustified  considering  its  probable  inaccuracies,  but  does,  it 
is  thought,  provide  a  means  of  ascertaining  the  more  pertinent  probable 
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alterations  in  characteristics  created  by  changes  ,n  configuration  and  tree 
stream  condit ions. 

Although  only  optimums  are  given,  Fig.  131  and  132  may  be  seen  to 
qualitatively  verify  the  trends  indicated  in  the  foregoing  discussion  at 
least  as  regards  the  effect  of  C^/C  and  D/C.  Fig.  131  illustrates,  bo.ever. 
that,  for  the  practical  case,  Fig.  133  exaggerates  the  effect  of  D/C  as 

compared  with  the  C|\i/C  effect. 

Thus  increased  0/C  and  C^/C  seem  to  generally  increase  A 
attainable  through  the  use  of  extensible  flaps.  There  should  be  no  reason  to 
provide  D/C  <  ^  .  although  too  large  a  D/C  may  actually  be 

deleterious  regarding  the  advent  of  trai I ing-edge  stall  as 

being  geometrically  impractical.  Excessive  Cn/C  may  also  create 

premature  trai I ing-edge  stall  and  would  in  most  cases  be  impractical.  0/C's 
of  up  to  6?  should  normally  prove  helpful  (especially  with  fairing  aft  of  the 
bulb-see  Ref.  85)  while  CN/C'sto  at  least  I 5j  mould  seem  advantageous. 

A  given  relatively  large  D/C  will  provide  greater  A  Dlniax 
profiles,  the  leading-edge,  and  probably  the  trai I Ing-edge,  stall  being 
delayed  compared  with  the  base  profile.  For  the  thick,  trai I ing-edge  stalling 
base  profile  the  only  gains  are  through  some  trai I ing-edge  stall  delay,  the 
comber  effect  and  chord  extension.  It  might  be  pointed  out  that,  for  a 

•j  zr 

leading-edge  stalling  base  profile,  increases  in  D/C  beyond  that  =  £. 

should  delay  both  leading-edge  and  tra i I ing-edge  stall  m  such  a  way  tha 
traillng-edge  stall  initiates  at  a  lower  4  the  greater  the  D/C,  until  it 

finally  occurs  at  if„  =0°.  The  concept  of  increased  leading-edge  radius 

delaying  traillng-edge  stall  is  a  calculated  speculation  based  upon  I imited 
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profile  studies  and  the  resdlts  of  Ret.  85.  This  cohcept  is  certainly  not 
.ithodt  its  limitations  and  probahl,  .hen  D/C  is  increased  to  the  order  of 
t/cmax  it  .ill  no  longer  hold  good  because  ol  the  long  adverse  pressure 
gradient  established  at  any  positive  angle  of  attack.  The  effect  of  Reynolds 
Number  increases  upon  A  should,  as  -ith  the  contoured  flap,  decrease 

the  A  C,  attainable  for  leading-edge  stalling  profiles.  Also,  the 

range  of  profile  thicknesses  where  such  a  flap  is  really  worthwhile  (the 
leading-edge  stalling  regime)  is  reduced  with  increased  Reynolds  Number  in 
exactly  the  same  degree  as  was  the  contoured  flap  case.  If  a  profile  is 
already  stalling  from  the  trai I ing-edge,  a  tra i I ing-edge  control  (not 
necessari  iy  at  the  trai I ing-edge)  must  be  installed.  Only  the,  when  leading- 
edge  stall  is  established,  will  the  leading-edge  flap  be  of  real  use  for 
such  th ick  prof i les. 

In  that  the  extensible  flap  provides  a  means  of  altering  leading  edge 

radius  and  gives  increased  chord  extent  in  addition  to  the  deflecMon  effect, 

it  .ould  seem  logical  that  it  couid  provide  greater  A  C|„ax 

contoured  flap.  This  should  be  especially  true  for  the  thinner  profiles 

.here  increases  in  D/C  might  «ell  be  able  to  prevent  nearly  all  loading-edge 

stall  and  provide  A  Ci^^^,^  close  to  that  predicted  by  the  linear 

extrapolation  method.  For  thicker  profiles  the  chord  extension  and  trail  ing- 

edge  stall  delay  .III  give  lift  a  boost.  Verithin  profiles  may  not  achieve 

the  A  Cl  s  of  the  profiles  .ith  Intermediate  t/c  due  to  probable 
'max 

ineffectiveness  of  permittable  increases  in  0/C.  The  Kr'uger  and  upper 
surface  flaps  should  be  nore  effective  than  the  lo.er  surface  flap  as  it 
initiates  considerable  trouble  from  the  hinge-line.  Only  where  6 ^ 
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will  it  be  comparable  with  the  other  two  types. 

Considering  the  angle  of  attack  for  zero  lift  and  lift  curve  slope 
for  extensible  flaps,  it  is  felt  that  Fig.  Ill  and  112  will  closely  retain 
their  accuracy,  although  the  base  profile  lift  curve  slope  should  be 
raised  by  an  amount,  C^/C. 

3.3c  Leading-Edge  Boundary  Laver  Control  Devices 

The  leading-edge  flap  has  been  shown  to  delay  leading-edge 
separation  by  altering  the  profile  geometry  in  such  a  manner  as  to  alleviate 
the  pressure  peak  which  would  normally  cause  premature  flow  detachment.  It 
has  been  found  that  separation  may  also  be  delayed  by  energizing  the  boundary 
layer,  the  separation  producing  pressure  peak  being  permitted  to  attain 
what  would  otherwise  (no  energy  addition)  be  a  stall-inducing  magnitude.  There, 
thus,  are  two  methods  by  which  the  leading-edge  separation  can  be  delayed  or 
prevented; 

(1)  by  reducing  the  magnitude  of  the  pressure  peak  and  the  resultant 
adverse  pressure  gradient,  or, 

(2)  by  energizing  the  boundary  layer  so  that  it  may  remain  attached 
even  under  the  influence  of  large  adverse  gradients. 

This  second  method,  as  was  the  case  with  powered  trailing  edge  flaps, 
can  be  achieved  by  either  blowing  or  suction  and  may  as  in  the  case  of  hinge¬ 
line  control  for  nose  flaps,  be  used  in  conjunction  with  the  first  method. 

It  is  obvious  that  any  "natural"  method  such  as  directing  high  pressure  lower- 
surface  air  into  the  upper-surface  boundary  layer  (a  slot  or  slat  system)  can, 
at  best,  be  of  only  limited  effectiveness.  For  this  reason,  powered  systems 
have  been  investigated  as  a  means  of  attacking  the  problem  of  leading-edge 
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separation  control.  This  section  will  consider  the  effectiveness  of  both 
the  "natural"  systems  and  the  powered  arrangements. 

Considerable  investigation  has  been  made  since  the  late  I930's, 
particularly  by  the  NACA,  of  the  value  of  leading-edge  slats  and  slots  as 
high  lift  devices.  They  are  used  as  a  boundary  layer  device  to  increase 
maximum  lift  and  lift-drag  ratio  at  high  lifts,  and  to  improve  lateral 
stability  and  control  at  high  angles  of  attack  by  delaying  stall  over  the 
outer  portions  of  the  wings  and  ailerons. 

By  definition,  a  slat  creates  a  slot,  or  gap,  between  the  tra  i  I  ing-edge 
of  the  slat  and  the  leading-edge  of  the  wing.  Thus,  when  one  is  discussing 
a  fixed  slat,  the  configuration  is  the  same  as  a  wing  slot  and  vice-versa, 
but  obviously  with  a  fixed  slat  one  must  use  the  leading-edge  of  the  slat  in 
determining  the  chord  length  in  order  to  avoid  misinterpretation  of  the  lift 
coefficient  definition. 

Whether  a  leading  edge  flap  or  a  slat  is  superior  is  a  question  that  may 
not  be  totally  answered  by  aerodynamic  reasons,  but  by  mechanical  problems 
which  will  not  be  dealt  with  here.  Often  for  a  small  slat  it  has  been  found 
to  be  used  most  effectively  in  a  position  which  makes  it  practically  a  leading 
edge  flap.  With  the  larger  slats  it  is  likely  that  a  good  amount  of  the  so- 
called  increase  in  maximum  lift  coefficient  can  be  traced  not  only  to 
increased  efficiency  of  the  system  due  to  boundary  layer  control  but  also  to 
an  effective  increase  in  the  wing  area  forward  in  much  the  same  way  that  a 
Fowler  flap  or  certain  double  slotted  flaps  extend  the  effective  wing  area 
to  the  rear.  It  is  obvious  that,  aerodynamical  I y,  a  device  that  thus 
increases  the  wing  area  forward  during  crucial  periods  of  flight  when  high 
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lift  is  required  will  be  very  desirable,  since  as  well  as  obtaining  more 
I ift  by  itself,  it  should  tend  to  give  nose  up  moments  at  the  same  time  that 
flaps  at  the  tra i I ing-edge  are  in  all  probability  being  extended  and  deflected 
to  give  severe  nose  down  moments.  However,  the  mechanical  difficulties  of 
extending  large  heavy  slats  could  be  as  great  as  extending  trail  ing-edge  flaps 
without  nearly  the  same  increase  in  lift  coefficient  as  obtained  with 
trai I ing-edge  flaps,  especially  of  the  double  slotted  type.  Just  where  the 
"break-even"  point  is  from  design  to  design  will  have  to  be  determined  by 
the  aerodynamic ist  and  mechanical  engineer  working  together. 

The  arguments  for  a  fixed  slat  (or  slot)  would  seem  quite  small  on 
modern  wings  if  a  proper  wing  section  and  airplane  design  have  been  used. 
However,  it  might  be  useful  over  part  of  the  span  to  "fix"  undesirable 
stalling  characteristics,  particularly  on  relatively  low  speed  aircraft  when 
it  is  not  desired  to  pay  the  weight  penalty  necessary  to  make  the  slat 
movable..  The  "automatic  slat"  i.e.,the  slot  which  automatically  extends 
when  a  certain  leading-edge  pressure  distribution  corresponding  to  a  given 
lift  coefficient  is  achieved  is  an  idea  which  at  certain  times  may  represent 
a  suitable  compromise  having  both  advantages  and  disadvantages,  but  usually 
sacrificing  a  bit  aerodynamical  I y  to  obtain  better  operation. 

The  British  have  conducted  wind  tunnel  tests,  most  of  them  on  thick 
cambered  airfoil  sections  with  considerable  upper  surface  curvature  towards 
the  leading-edge.  Ref,  105  with  slat  chords  of  10^,  20^  and  30^.  The  I, ift 
coefficient  measurements  were  made  at  Reynolds  Numbers  of  0.62  x  10  to 
0.94  X  10^,  and  occasionally  with  a  60°  spi  it  flap.  The  latter  had  no 
effect  due  to  an  increase  of  the  Reynolds  Number  from  0.62  x  10^  to  0.94  x 
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10^,  but  with  the  flap  closed  an  increase  in  resulted  with  increasing 

Reynolds  Number. 

The  best  forward  extension  was  found  to  be  15.3^  chord  for  the  2Q% 
chord  slat  and  23^  chord  for  the  30^  chord  slat.  In  contrast,  however,  as 
the  forward  extension  of  the  10^  chord  slat  was  reduced,  an  additional 
region  of  high  appeared  at  a  forward  extension  of  ih  chord.  This 

occurred  at  large  values  of  the  slat  dip  and  with  small  gaps.  The  gap 
became  zero  and  the  highest  for  this  slat  was  given  when  it  acted  as 

a  nose  flap  =  1.335).  It  appears  that  on  a  symmetrical  thin  wing 

there  Is  a  big  advantage  in  using  the  small  chord  slat  as  a  turned-down  nose 
to  give  the  equivalent  of  camber.  However,  this  moves  the  no-lift  angle  to 
a  more  positive  value,  decreasing  the  lift  at  a  given  pre-stall  incidence. 

To  get  a  good  slot  shape  on  the  flatter  wing  surface  with  the  larger  slats, 
the  slat  must  be  at  a  shallower  angle  than  with  more  cambered  sections, 
making  the  forward  extension  greater. 

Generally,  it  seemed  that  a  split  flap  with  a  10^  slat  extended  yielded 
greater  A  than  with  the  same  flap  and  slats  of  larger  chord.  On 

the  EQ  1040  profile  a  small  gap  increase  (about  0.5^  wing  chord)  was 
indicated  when  the  flap  was  used.  (Which  does  not  seem  to  agree  with  NACA 
results  below.)  Unless  we  are  to  question  the  data,  this  would  seem  to  be 
an  excellent  indication  of  how  sensitive  slats  are  to  wing  design  and  slat 
design  not  to  mention  Reynolds  Number  effects  on  the  slot. 

As  a  first  approximation  the  following  "rule-of-thumb"  rules  for  slot 
design  are  given  (Ref.  105): 
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(1)  Slat  chord:  12  1/2  per  cent  wing  chord  for  wing  thickness  ratios  up  to 
10  per  cent  and  equal  to  the  thickness  ratio  plus  2  1/2  per  cent  for 
wings  of  greater  thickness. 

(2)  Forward  Extension;  at  least  60  per  cent  slat  chord. 

Oia:  25  per  cent  of  forward  extension. 

(4)  Gap;  2.4  per  cent  wing  chord  for  wing  thickness  ratios  up  to  6  per  cent 
increasing  by  0.3  per  cent  for  every  2  per  cent  increase  in  wing 
thickness. 

(5)  W  (defined  in  Fig.  134):  2  per  cent  wing  chord,  increasing  slightly  for 
thick  wings. 

In  experiments  at  Langley  F ield^Ref.  10^  optimum  slat  positions,  with 
spl it  flaps  deflected  at  60°,  were  determined  at  a  Reynolds  Number  of  2.0  x 
10^.  Tests  were  run  at  Reynolds  Numbers  between  2.0  x  10®  and  9.0  x  10® 
with  a  I4)f  chord  leading-edge  slat  and  a  20%  chord  split  trai I ing-edge  flap. 

It  was  found  that  the  increase  in  Ci  caused  by  the  slat  and  flap  was 
approximately  equal  to  the  sum  of  the  increments  produced  individually. 
Extension  of  the  leading-edge  or  an  increase  in  Reynolds  Number  with  slats 
caused  the  stall  to  become  more  gradual.  Extension  of  the  flap  caused  the 
aerodynamic  center  to  move  forward  to  a  point  approximately  equal  to  the 
quarter-chord  point  of  the  extended  chord.  Deflection  of  the  spl it  flap  on 
a  64|-2l-2  airfoil  section  changed  optimum  slat  location  so  that  a  smaller 
slot  was  required  between  the  slat  trailing  edge  and  the  main  part  of  the 
airfoil  section.  This  latter  result  is  exactly  the  opposite  of  the  British 
findings  indicated  above,  but  seems  to  agree  with  other  NACA  results  below. 
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Considerably  earlier  tests  had  been  made  at  Langley  (Ref.  96)  on  a  NACA 
23012  airfoil  with  fixed  wing  slot  (or  fixed  slat  depending  upon  definition). 
It  was  found  that  the  slat  chord  and  slot  gap  and  width  are  the  only  slat 
parameters  which  will  appreciably  affect  and  section  angle  of  attack 

at  A  slat  chord  of  about  15^  was  found  to  be  the  optimum,  and  a  slot 

gap  of  about  or  4^  chord  the  optimum,  the  larger  number  with  a  smaller  flap 
def lect ion. 

In  more  recent  investigations  at  Ames  Aeronautical  Laboratory (Ref.  8^^ 
which  like  the  other  referenced  studies  in  thij  section  were  made  in  a  two- 
dimensional  wind  tunnel,  tests  were  conducted  with  an  NACA  64A0I0  airfoil 
equipped  with  various  combinations  of  a  leading-edge  slat,  leading  edge  flap, 
split  flap,  and  a  double-slotted  flap.  Optimum  slat  positions  were 
ascertained  for  a  Reynolds  Number  of  6.0  x  10®  for  the  model  with  no  trail Ing- 
edge  flap  and  with  two  trai I ing-edge  flaps  deflected.  Section  lift 
and  pitching-moment  characteristics  of  the  various  model  combinations  were 
determined  for  Reynolds  Numbers  of  2.0  x  10®,  4.0  x  10®,  6.0  x  10®,  and 
7.0  X  10®.  The  results  of  these  investigations  showed  that  the  average 
increment  in  for  the  leading-edge  slat  was  0.83  and  for  the  leading-edge 

flap  0.66;  combined  with  a  tra i I ing-edge  device  their  effect  was  approximately 
equal  to  the  increments  produced  separately.  Deflection  of  either  of 
these  leading-edge  devices  moved  the  aerodynamic  center  forward.  In  the  case 
of  the  slat  this  movement  was  to  approximately  the  quarter  point  of  the 
extended  chord.  Finally,  it  was  again  found  that  tra  i  I  ing-edge  flaps  seemed 
to  move  the  optimum  slat  positions  so  as  to  reduce  the  gap,  but  it  is  to  be 
noted  that  this  airfoil  was  also  of  the  NACA  64  series.  i 


CONFIDENTIAL 


CONFiDENTiAL 


In  o+her  Ames  Tests(Ref.  i06)at  Mach  numbers  ranging  between  0.25  and  0.85 
with  Reynolds  Numbers  from  3.4  x  10®  to  8.1  x  10^,  slat  positions  were 
investigated  on  an  NACA  64A0I0  airfoil:  (I)  with  the  slat  leading-edge 
extended  forward  along  the  airfoil  chord  line  and  (2)  with  the  slat  extended 
forward  and  displaced  below  the  chord  I  ine.  Although  the  results  indicated 
that  over  the  entire  Mach  number  range  the  airfoil  with  the  slat  retracted 
was  somewhat  dynamically  superior  to  any  of  the  other  airfoil  arrangements 
for  section  lift  coefficients  up  to  0.60,  it  is  generally  true  that  at  the 
lower  Mach  numbers  the  greatest  and  largest  lift-drag  ratios  at  high 

angles  of  attack  were  obtained  with  the  slat  extended  forward  but  with  its 
nose  displaced  below  the  extended  chord  line  of  the  airfoil.  For  section 
lift  coefficients  above  0.80  and  for  the  widest  range  of  Mach  numbers,  the 
most  effective  position  is  with  the  nose  of  the  slat  in  the  extended  chord 
line  of  the  airfoil.  This  increase  at  higher  angles  of  attack  can  be 
explained  primarily  by  the  increased  loading  carried  by  the  slat  and  the 
forward  part  of  the  airfoil,  and  by  the  greater  pressure  recovery  on  the  upper 
surface  of  the  airfoil.  The  energizing  effect  of  the  boundary  layer  on  the 
airfoil  surface,  often  attributed  to  the  air  stream  flowing  through  the  slot, 
seemed  here  to  be  only  of  secondary  importance  in  evaluating  slat  performance. 

A  very  rough  approximation,  accredited  to  Young,  (Ref.  170)  is  that 
for  standard  slats 

A  ^  ~j  to  SLAT  CHORD 

-  X  - 

3  WING  CHORD 


This  seems  to  hold  for  thick  wings  with  or  without  tra i I ing-edge  flaps  with 
slats  between  15^  and  30^  at  a  Reynolds  Number  of  about  3.0  x  10^.  For 
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medium  thickness  wings  (about  10^  -  15^)  it  seems  that  slightly  lower 
increments  may  be  expected.  For  thin  wings  it  may  be  possible  to  have  higher 
increments,  although  tra i I ing-edge  flaps  may  not  be  completely  additive. 

Since  the  above  two-dimensional  results  are  always  applied  on  three- 
dimensional  wings,  where  the  conditions  may  be  quite  different  from  two-dhensbial 
a  few  tests  on  three-dimensional  effects  will  be  very  briefly  summarized 
(Ref.  170), 

The  Germans  found  quite  early  thaf  although  on  an  unswept  wing  the  slat 
should  cover  the  whole  span  and  be  sealed  at  the  wing-body  junction,  part 
span  slats  used  at  the  tip  may  often  be  effective  to  delay  stall  on  a  swept- 
back  wing. 

Tests  have  been  made  at  varying  Reynolds  Numbers  on  the  use  of  20^ 
full  span  slats  on  wings  with  sweep-back  angles  between  32°  and  35°,  aspect 
ratios  near  6,  taper  ratios  near  0.5,  and  a  symmetrical  wing  section  12^ 
thick  at  the  root  and  \Q%  at  the  tips.  It  was  found  that  the  maximum  I ift 
coefficient  increased  as  the  Reynolds  Number  became  larger.  However, 
increasing  the  slat  chord  by  more  than  20^  of  the  wing  chord  gave  only 
small  gains.  At  Reynolds  Numbers  between  2  x  10^  and  6  x  10^  the  A 
seemed  to  be  about  0.5. 

Other  tests  on  a  35°  swept-back  wing  indicated  a  A  Ci  due  to  slats 
on  the  outer  half  of  the  wing  to  be  0.24  while  full  span  slats  gave  A  C|^g^ 

0.48.  The  half  span  slats  combined  with  half  span  split  flap  on  the 
inboard  section  gave  0.51  in  maximum  lift  coefficient  while  full  span  flaps 
combined  with  full  span  slots  gave  about  1.02  in 
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There  seem  to  be  ao  exact  experimental  results  on  sweep-back  angles 
greater  than  35°,  but  it  was  determireb  that  slats  continued  beneficial  effects 
at  angles  greater  than  45°,  although  there  appear  to  be  no  gains  at  a  60° 
angle.  However  the  slats  seemed  slightly  inferior  to  leading-edge  flaps  on 
swept  wings. 

From  the  foregoing  It  would  appear  that  the  following  conclusions  could 
be  drawn; 

1.  Combined  use  of  slats  and  a  trailing  edge  device  normally  give  a 

*^lmax  equal  to  the  sum  of  the  increments  produced 

individual ly. 

2.  A  deflected  extended  slat  moves  the  aerodynamic  center  forward  to 
approximately  the  quarter  point  of  the  extended  chord.  (In  other 
words,  a  nose  up  pitching  moment  would  occur  about  the  original 
quarter  chord  point). 

Although  the  unpowered  devices,  represented  by  the  leading-edge  flaps 
discussed  in  the  previous  section  as  well  as  by  the  slats  just  examined,  can 
combat  leading-edge  separations  successfully  over  a  range  of  lift 
cofficients.  When  the  value  of  airfoil  circulation  achieves  the  levels  made 
potentially  possible  by  the  use  of  powered  tra i I  ing-edge  system^  still  more 
powerful  devices  are  required.  For  this  reason  considerable  effort  and 
interest  has  recently  been  expended  on  the  study  of  arrangements  utilizing 
suction  and  blowing.  The  analysis  of  the  behavior  of  such  systems  is  dealt 
with  in  the  remainder  of  this  section. 

Suction  at  any  chordwise  location  may  be  said  to  act  primarily  to 
remove,  at  this  location,  the  lower  regions  of  the  profile’s  boundary  layer. 
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The  layer  is  thus  made  thin,  with  ail  velocities  within  the  newly  formed 
layer  becoming  greater  than  the  velocities  existing  at  corresponding 
distances  from  the  profile  surface  prior  to  the  application  of  suction.  The 
new  layer  should  initiate  at  a  chordwise  station  somewhat  forward  of  the 
point  or  region  where  suction  is  applied  and  extend  to  the  profile's  trai ling- 
edge.  Of  course,  the  more  aft  the  point  of  interest  as  compared  with  the 
suction  location  the  less  will  be  the  difference  between  the  old  and  new 
boundary  layers,  the  suction  simply  freshening  the  boundary  layer  and  then 
permitting  it  to  run  its  natural  course. 

Depending  upon  the  quantity  of  suction  and  the  condition  of  the  boundary 
layer  at  the  point  of  application,  the  removal  of  surface  air  through  suction 
can:  (I)  prevent  laminar  or  turbulent  separation  by  altering  the  velocity 
profile  at  what  would  normally  be  the  point  of  separation,  (2)  thin  the 
laminar  layer  and  thus  move  the  transition  point  to  a  more  aft  location, 

(3)  recreate  laminar  flow  from  an  already  turbulent  layer,  and/or  (4)  alter 
potential  flow  by  removing  not  only  the  entire  boundary  layer  but  external 
air  as  well,  thus  creating  a  true  stagnation  point  aft  of  the  sink. 

The  first  three  effects  above  are  based  upon  suction's  ability  to 
thin  the  laminar  or  turbulent  layer  and  may  be  classified  as  the  possible 
contributions  of  such  a  system  to  boundary  layer  control  while  the  fourth 
falls  within  the  domain  of  circulation  control.  Effects  (1)  and  (2)  both 
have  considerable  bearing  upon  the  field  of  high-lift  flow  control,  item 
(I)  for  obvious  reasons  and  item  (2)  because  it  infers  that  trai I ing-edge 
stall  may  be  delayed  by  suction  at  even  a  well-forward  location. 

Likewise,  effects  (I)  and  (2)  are  of  great  interest  as  a  means  of  minimizing 
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profile  drag.  Prevention  of  separation  is  necessary  to  maintain  pressure 
drag  at  a  minimum  and  any  elongation  of  the  laminar  run  serves  to  reduce 
friction  drag.  Because  of  the  large  suction  quantities  involved,  the  third 
effect  is  of  practical  interest  only  in  conjunction  with  item  (4).  The 
latter  effect  requires  large  suction  quantities  and  its  use  as  a  high-iift 
device  has  been  shown  to  be  feasible  only  when  the  suction  is  applied  very 
near  the  profile's  tra i I ing-edge.  Such  a  system  is  discussed  in  some  detail 
In  Section  3.2c  of  this  report. 

The  following  pages  will  deal  with  suction  as  a  high-lift  boundary 
layer  control  with  emphasis  upon  the  ability  of  suction  to  prevent  leading- 
edge  (laminar)  separation,  but  also  considering  the  possibilities  of  applying 
such  control  to  the  turbulent  type  of  separation.  Those  systems  which  have 
been  developed  to  delay  leading-edge  separation  comprise  two  general  types: 
(I)  leading-edge  slot  suction  and  (2)  leading-edge  area  suction.  The  first 
involves  a  single  open  slot  running  spanwise  and  located  very  close  to  the 
wing  leading-edge.  The  second  replaces  the  slot  with  a  porous  medium  which 
generally  is  designed  to  have  greater  chordwise  extent  than  is  the  case  with 
the  slot. 

Solution  to  the  problem  of  turbulent  separation  at  the  profile  trailing 
edge  has  been  approached  through  the  application  of  several  suction 
arrangements.  These  can  loosely  be  divided  into:  (I)  midchord  type  suction. 
involving  a  slot  or  several  slots  located  somewhere  between  the  10^  and  80^ 
chord  positions;  (2)  distributed  upper-surface  suction,  utilizing  a  large 
number  of  slots  or  perforations,  or  a  large  area  of  porous  material. 
(Generally,  porosity  is  extended  aft  to  the  trail ing-edge  while  quite  often 
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the  extent  of  suction  is  brought  forward  as  far  as  fhe  leading-edge,  making 
this  a  dual  type  of  systems,  providing  efficient  control  of  both  laminar  and 
turbulent  separation  and  (3)  tra i I  inci-edqe  sucfion.  which  can  yield  circulation 
control  in  addition  to  tra i I ing-edge  B.L .C.  An  academically  interesting 
configuration  which  could  perhaps  be  considered  a  form  of  tra i I ing-edge 
suction,  Griffith  type  suction,  is  the  only  version  of  the  tra i I ing-edge 
system  which  will  be  touched  upon  here,  the  better  known  types  having  been 
discussed  previously.  Additionally,  there  has  been  some  research  done  on 
combined  leading-edge  and  midchord  suction.  It  is  to  a  large  extent  because 
of  the  promise  shown  by  such  combinations  that  the  decision  was  made  to 
include  within  this  "leading-edge"  section  those  systems  which  operate 
primarily  upon  the  turbulent  rather  than  the  laminar  layer.  Fig.  135  shows 
the  five  major  systems  described. 

In  attempting  to  apply  suction  for  the  purpose  of  preventing  or  delaying 
leading-edge  stall,  it  would  first  be  desirable  to  determine  some  optimum 
location  for  the  slot  or  porous  area.  This  optimum  will  here  be  defined  as 
that  location  which  provides  stall  delay  with  a  minimum  of  suction  quantity. 

So  as  to  negate  the  complicating  parameter  of  slot  width,  only  the  extremely 
narrow  slot  will  be  considered  in  the  following  qualitative  discussion.  This 
discussion  will  use  several  assumptions  which  are  based  only  upon  limited 
experimental  observations  and,  although  the  assumptions  seem  logical,  they 
may  thus  be  subject  to  some  doubt.  The  first  of  these  is  that  the  narrow 
slot  delays  leading-edge  stall  most  efficiently  if  its  location  is  directly 
beneath  the  position  where  the  leading-edge  of  the  laminar-bubble  would  exist  ' 
if  no  control  were  used.  A  second  assumption  is  therefore  necessitated  which 
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would  yield  some  feeling  for  the  position  of  the  leading-edge  bubble  under 
no-control  conditions.  It  has  here  been  assumed  that  the  laminar  bubble  will 
form  at  the  point  of  maximum  adverse  pressure  gradient  when  the  angle  of 
attack  is  such  that  this  gradient  achieves  some  critical  value.  Further,  the 
bubble  will  break  away  and  the  profile  will  stall  when  the  maximum  adverse 
pressure  gradient  has  reached  some  other  critical  value.  The  initial  (  (X 
Just  equal  to  that  necessary  for  stall)  break  away  point  should  coincide  with 
the  position  where  this  second  critical  value  is  achieved  on  the  profile.  It 
should  be  mentioned  that  the  locations  where  these  two  critical  values  are 
attainedjas  well  as  the  values  themselves  bear  no  known  relationship  to  each 
other  and  each  without  doubt  will  vary  with  profile  shape  and  changes  in 
viscous  condition. 

Using  the  assumptions  above,  one  I ikely  position  for  the  narrow  slot 
would  be  at  that  point  where  the  adverse  pressure  gradient  wouid,  without 
suction,  become  sufficient  to  permit  formation  of  the  laminar  bubble.  Such  a 
location  could  readily  be  determined  experimentally.  However,  as  angle  of 
attack  is  increased  beyond  that  corresponding  to  base  profiie  initial  bubble 
formation,  the  maximum  adverse  pressure  gradient  will  increase  and,  at  least 
in  the  case  of  "leading-fedge"  type  separation,  its  location  as  well  as  that 
of  the  bubble  will  move  forward.  Although,  to  the  best  of  this  writer's 
knowledge,  no  motion  of  the  point  of  initiation  of  the  "th  in~airfoi  I"  type  of 
bubble  has  been  observed,  forward  transport  of  the  "Ieading-edge"typ6  of 
bubble  has  been  found  to  be  as  great  as  1^  chord  between  bubble  initiation 
and  final  stall.  Therefore,  at  an  angle  of  attack  corresponding  to  break¬ 
away,  the  suction  slot  (in  optimum  position  to  prevent  low-oc  bubble 
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Initiation)  will  likely  be  too  far  aft  for  most  efficient  operation.  This 
would  suggest  placing  the  slot  that  chordwise  location  where  the  maximum 
adverse  pressure  gradient  exists  immediately  prior  to  stall.  This  location 
could  be  determined  experimentally  and  it  seems  obvious  that  such  a  location 
is  superior  to  that  discussed  previously  if  increase  in  maximum  lift  is 
desired.  If,  then,  this  slot  location  is  selected,  the  profile,  with  suction, 
will  be  able  to  achieve  angles  of  attack  considerably  greater  than  would  be 
attainable  with  the  base  profile.  (Always  assuming,  of  course,  that  leading- 
edge  stall  limits  base  profile  lift.)  As  angle  of  attack  is  permitted 
through  suction  to  further  increase  in  this  range,  maximum  adverse  pressure 
gradient  will  increase  beyond  that  normally  triggering  base  profile  stall  and 
Its  location  would  appear  to  continue  to  move  forward.  While  maximum  adverse 
pressure  gradient  moves  forward  with  increased  angle  of  attack,  theoretical  and 
experimental  investigations  reveal  that,  as  angle  of  attack  is  increased 
beyond  that  for  base  profile  stall,  the  value  of  pressure  gradient  equal  to 
that  necessary  for  base  profile  stall  moves  aft.  Under  the  previous 
assumptions,  it  thus  seems  that  leading-edge  stall  may  initiate  in  the  high- 
I ift  regime  not  only  at  the  point  of  maximum  adverse  pressure  gradient,  but 
anywhere  betwteen  the  point  of  maximum  adverse  pressure  gradient  and  the  more 
aft  point  where  adverse  pressure  gradient  has  the  critical  value  necessary  for 
base  profile  leading-edge  stall.  (In  fact,  there  may  be  an  area  forward  of 
the  maximum  adverse  pressure  gradient  location  which  will  have  a  gradient 
greater  than  base-profile  critical.  This  area  will  normally  be  infinitesimal 
as  the  locations  for  maximum  gradient  and  pressure  peak  will  usually  closely 
coincide  for  large  I ifts  on  relatively  th  in  profiles.) 
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It  can  be  seen  that,  even  for  a  given  profile,  there  is  no  definite 
optimum  "narrow"  slot  location  for  the  prevention  of  leading-edge  separation. 
Increased  lift  increment  yields  an  increasingly  divergent  chordwise  distance 
through  which  separation  may  initiate.  If  a  slot  could  only  exercise  control 
at  a  point  directly  above,  no  "narrow"  suction  slot  would  be  capable  of  producing 
more  than  very  small  lift  gains.  Of  course,  suction  controls  the  flow  before 
as  well  as  aft  of  the  slot.  It  can  contain  a  bubble  or  retard  its  formation 
forward  of  the  slot  and  can  retard  separation  behind.  Although  little  is 
known  of  the  comparative  efficiency  of  suction  when  the  flow  wants  to  separate 
upstream  or  downstream,  it  would  be  thought  that  such  a  slot  would  be  more 
efficient  when  located  near  the  upstream  boundary  of  the  separation-prone 
area  both  because,  for  the  usual  profile,  this  represents  the  most  separation- 
sensitive  region  and  because,  if  a  bubble  should  form  upstream  of  the  slot, 
the  suction  will  be  forced  to  operate  on  a  power-consuming  turbulent  or 
turbulizing  boundary  layer.  For  this  reason,  it  is  suggested  that  the 
narrow  suction  slot  would  delay  leading-edge  separation  most  efficiently  if 
placed  beneath  the  point  of  maximum  adverse  pressure  gradientfwhere  separation 
is  most  likely),  permitting  its  downstream  separation-preventing  characteristics 
to  take  care  of  the  region  aft  where  the  gradient  is  still  somewhat  greater 
than  that  for  base  profile  stall. 

The  proper  location  for  such  a  slot  now  becomes,  for  a  given  profile,  a 
matter  of  the  degree  of  maximum  I ift  increase  desired.  The  relatively  aft 
position  corresponding  to  the  base  profile  break  away  point  will  probably 
be  optimum  for  very  small  lift  gains,  while  a  well  forward  position  will  be 
most  efficient  for  large  lift  increases.  The  best  solution  for  maximum 
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efficiency  in  the  use  of  suction  to  delay  leading-edge  stall  might,  therefore 
be  for  the  relatively  narrow  slot  case,  a  slot  moving  forward  in  such  a  way 
that  it  is  always  in  the  most  favorable  position  as  lift  is  increased. 

In  that  the  variably  located  "narrow"  slot  is  highly  impractical  and 
considering  the  possibility  that  control  very  slightly  ahead  of  or  behind 
the  point  of  probable  flow  detachment  would  not  be  excessively  disadvantageous, 
investigators  have  attempted,  rather  than  chasing  the  optimum  location  forward 
as  angle  of  attack  increased,  to  make  judicious  compromises.  Slot  location 
and  chordwise  extent  of  the  slot  or  porous  area  have  been  varied  and  optimum 
locations  have  been  found  which  generally  lie  in  the  range  of  expected 
travel  of  the  "narrow"  slot  optimum  discussed  above.  Variations  in  chordwise 
suction  velocity  distribution  have  been  studied  in  an  attempt  to  reduce  the 
waste  created  by  finite  suction  chordwise  extent.  Without  such  suction 
distribution,  the  slot  or  porous  area  with  width  can  produce  excessive  suction 
velocity  at  locat ionswh ich,  although  near  the  optimum  suction  position  for  the 
achievement  of  a  given  lift,  are,  at  this  lift,  considerably  less  than 
optimum.  The  probiem  of  determining  optimum  suction  location  and  distribution 
under  varying  free  stream  and  lift  conditions  seems  extremely  difficult  in 
solution  and  investigations  to  this  point  have  merely  scratched  the  surface. 

Fig.  136  shows  a  typical  curve  of  A  Cl^ax  suction  quantity,  Cq, 
for  a  profile  with  leading-edge  suction.  The  vast  majority  of  experimental 
results  available  demonstrated  this  characteristic  shape.  As  suction 
quantity  is  initially  increased  from  zero,  the  lift  increment  increases  at 
a  very  rapid  rate.  At  a  lift  level  which  appears  to  be  closely  related  to 
the  base  profile's  trai I ing-edge  stall  line  as  predicted  by  the  linear 
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extrapolation  method  (Section  3. If),  the  curve  bends  and  eventually  becomes 
flat  or  of  very  low  slope.  A  study  of  stall  points  revealed  that  ail  suction 
profiles  investigated  show  leading-edge  stall  in  the  range  of  lifts  where 
the  curve  has  its  initial  steep  slope,  mixed  stall  (leading-edge  and  trail  Ing- 
edge  separation  present  at  time  of  break  away)  where  the  curve  bends,  and 
trai I ing-edge  stall  for  the  relatively  flat  upper  portion  of  the  curve. 

Fig.  I36A  thus  demonstrates  two  facts:  (i)  leading-  edge  suction  will  generally 
not  only  delay  leading-edge  separation  but,  to  a  lesser  extent,  also  may 
delay  trai I ing-edge  separation,  and  (2)  the  linear  extrapolation  method  could 
be  of  assistance  in  at  least  qualitatively  predicting  the  approximate 
ultimate  lift  economically  feasible  with  leading-edge  suction. 

The  ability  of  leading-edge  suction  to  delay  trail ing-edge  separation 
explains  why,  in  some  cases,  suction  which  would  seem  too  far  aft  for 
efficient  leading-edge  control  has  been  regarded  as  being  of  optimum  location. 

A  slot  location  which  allows  trai I  Ing-edge  control  in  addition  to  effective 
leading-edge  control  will  enable  the  profile  to  achieve  greater  maximum 
lifts  than  would  be  the  case  were  no  trai I ing-edge  control  provided.  This 
is  obviously  because  the  profile's  ultimate  maximum  lift  is  no  longer  limited 
by  natural  trai I ing-edge  stall  but  is  now  limited  only  by  the  suction  system's 
capabilities  as  a  trai I ing-edge  stall  deterrent.  Of  course,  using  such  a  slot 
Ideation,  some  slope  decrease  would  be  expected  in  the  leading-edge  stall 
portion  of  this  curve  as  power  is  being  expended  here  to  control  the 
trai I ing-edge  unnecessarily.  The  concept  of  optimum  leading-edge  suction 
location  is  thus  further  confused  by  the  trai I  ing-edge  B.L.C.  phenomena,  it 
can,  however,  be  repeated  that,  to  a  large  extent,  optimum  suction  location 
is  a  function  of  the  desired  lift  level  as  well  as  profile  shape.  Leading-edge 
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suction  operates  in  the  general  case  as  a  combined  leading-edge  and  trail ing- 
edge  control.  Luckily,  however,  such  a  system  is  or imar i Iv  a  leading-edge 
control,  which  means  that  certain  of  its  behavioral  trends  may  be  deduced 
through  use  of  the  linear  extrapolation  method  and  predictions  of  maximum 
ecomonic  lift  for  such  a  system,  based  on  this  method,  should  yield  results 
which  may  be  accepted  with  approximately  as  much  faith  as  the  engineer  is 
able  to  place. in  the  method  itself. 

Taken  as  a  pure  leading-edge  control,  leading-edge  suction  would  be 
expected,  from  the  linear  extrapolation  method,  to  have  characteristics  as 
shown  in  Fig.  I37A.  The  linear  extrapolation  of  the  "pure"  tra i I ing-edge 
stall  line  defines  the  ultimate  maximum  lift  attainable  with  such  a  control. 

As  suction  quantity  is  increased  the  partial  control  characteristics  will 

be  approximately  as  shown.  (Complete  control  is  said  to  occur  when  Cq  is  of 

a  value  which  permits  stall  for  the  given  profile  to  be  of  the  "pure" 

tra  i  I  ing-edge  variety.)  Fig.  I37B  demonstrates  the  typ  i  cal  character  ist  ics -of.  ' 

a  pure  tra i  1 ing-edge  control.  Here,  the  linear  extrapolation  of  the  "pure" 

leading-edge  stall  line  will  define  ultimate  maximum  lift  attainable. 

Fig.  137c  takes  the  I iberty  of  combining  A  and  B  in  an  attempt  to  qual  itatively 
indicate  the  probable  action  of  the  typical  leading-edge  suction  system  as 
a  function  of  profile  thickness.  It  will  be  noted  that  the  tra i I ing-edge 
separation  delaying  capabilities  of  such  a  system  have  been  assumed  to  be 
quite  minor  as  compared  with  its  abilities  to  delay  leading-edge  separation. 
This  assumption  is,  of  course,  realistic  for  the  case  being  considered  and 
infers  that,  given  suf f  ic  lent  Cq,  tra i I ing-edge  stall  will  finally  limit 
the  effectiveness  of  the  system--if  there  is  any  final  limit  with  such  a 


CONFIDENTIAL 


CONFIDENTIAL 

-226- 


combined  system.  Such  an  inference  permits  the  plotting  of  Fig.  137c  without 
regard  for  any  pure  leading-edge  stall  extrapolations.  That  is,  the  trail ing- 
edge  stall  extrapolations  ultimately  govern  the  very  high  lift  characteristics 
of  the  Cl  vs  t/c  curve.  In  addition  to  the  assumption  of  relatively  small 
trai  I  ing-edge  B.L.C.,  Fig.  137c  uses  the  assumption  that  the  slopes  of  the 
tra  i  I  ing-edge  stall  portions  of  the  curves  with  boundary  layer  control  are 
approximately  equal  to  that  for  the  tra 1 1 ing-edge  stall  portion  of  the  no¬ 
control  curve.  This  effect  appears  experimentally  to  be  reasonably  valid  for 
profiles  with  tra i I ing-edge  B.L.C.  The  fairing  of  Fig.  137c  is  in  accordance 
with  these  two  assumptions  together  with  the  findings  of  the  canbered  profile 
studies  (Section  3.lg)  which  also  dealt  with  what  might  be  called  a  "mixed" 
system.  As  can  be  seen  from  the  figure,  increases  in  Cq  would  be  expected  to 
be  considerably  more  beneficial  for  the  thin,  leading-edge  stalling  profiles 
than  for  thick,  tra i I ing-edge  stalling  profiles  which  are  assisted  only  by 
virtue  of  the  leading-edge  suction's  rather  poor  ability  to  delay  trail ing- 
edge  separation  and  stall.  Considering  only  the  leading-edge  stalling 
profiles,  those  which  are  thicker  will  experience  mixed  stall  and  finally 
tra  i  I  ing-edge  stall  at  lesser  Cq's  and  lower  A 

airfoils.  Thus,  these  thicker  profiles  are  limited,  for  practical  values  of 
Cq,  to  lower  maximum  lift  increments.  It  should  be  pointed  out  that  the 
curve  shape  significance  given  to  the  base  profile  vs  t/c  curve  in 

Fig.  17  should  apply  for  any  given  value  of  Cq.  Therefore,  the  expected 
stall  pattern  can  be  traced  as  a  qualitative  function  of  Cq  and  t/c  in 
Fig.  137c. 


vr 
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Taking  any  given  t/c  in  the  base  profile  leading-edge  stalling  regime 
and  mentally  cross-plotting  Fig.  137c  for  vs  Cq,  it  can  be  seen  that 

a  characteristic  curve  of  the  shape  of  that  shown  in  Fig.  136  will  be 
obtained.  This  series  to  correlate  the  characteristic  curve  shape  with 
concepts  of  the  linear  extrapolation  method,  and  thus  permits  a  means  of 
visualizing  the  changes  in  magnitude  which  can  be  expected  in  the  A  C|n-,ax 
vs  Cq  curve  with  alterations  in  profile  thickness.  Tra i I  ing-edge  stall  and 
the  resultant  level ing  of  the  curve  of  Fig.  136  occurs  at  a  I ift  level  greater 
than  that  predicted  through  the  "pure"  trai I ing-edge  stall  line's  linear  extra¬ 
polation  by  an  amount  which  may  be  thought  of  as  equal  to  the  tra i  I  ing-edge 
B.L.C.  effect  of  this  Cq.  The  slope  of  this  relatively  pure  tra i I ing-edge 
portion  of  the  A  vs  Cq  curve  depends  upon  the  variation  of  trail ing- 

edge  B.L.C.  with  suction  quantity..  Unfortunately,  as  the  degree  of  trail  ing- 
edge  control  is  a  probable  function  of  Reynolds  Numbers  as  well  as  the 
location  and  flow  characteristics  of  the  suction  system,  quantitative 
predictions  as  to  the  value  of  this  slope  are  extremely  difficult.  The  same 
can  be  said  for  any  predictions  regarding  the  slope  and  slope  variation  of 
the  leading-edge  stall  portion  of  Fig.  136.  The  magnitude  of  tra i I ing-edge 
control,  of  leading-edge  control,  and  their  relationship  to  each  other 
depends  upon  such  things  as  slot  location  and  width  or  porous  extent, 
chordwise  suction  velocity  distribution,  the  effect  of  free  stream  velocity 
upon  suction  velocity  distribution,  and,  of  course,  profile  shape  and 
suction  quantity.  For  profiles  with  leading-edge  suction  systems  which  are 
found  to  yield  little  trai I ing-edge  control,  however,  the  linear  extrapolation 
method  should  yield  quite  accurate  ultimate  maximum  lift  predictions. 
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Fiemember  that  the  apparent  usefulness  of  such  a  treatment  infers  that  a 
strong  Reynolds  Number  effect  should  be  expected  upon  the  maximum  I ift  of 
profiles  with  leading-edge  suction  as  well  as  large  variations  in  ultimate 
maximum  lift  due  to  changes  in  profile  shape.  Also  it  should  be  remembered 
that  the  linear  extrapolation  method  attempts  to  predict  "complete  control" 
characteristics  and  cannot  quantitatively  predict  "partial  control";,  i.e.j 
variation  of  maximum  lift  with  Cq.  Although  this  method  will  not  treat  the 
effects  of  trai I ing-edge  stall  delay,  indications  are  that  it  can  still  be 
of  some  usefulness  even  in  this  general  case. 

Available  experimental  data  dealing  with  leading-edge  siot  suction 
(Fig.  I35A)  are  extremely  limited.  McCullough  and  Gault,  however,  in  Refs. 

123  and  124,  present  results  of  tunnel  tests  on  a  63|-0I2  airfoil  with 
single  leading-edge  slots  of  varying  widths  and  locations.  Their  findings 
are  summarized  in  Figs.  138,  139,  and  140  of  this  report. 

Fig.  138  shows  a  summary  of  the  maximum  lift  characteristics  of  all 
powered  configurations  tested  during  the  investigation  reported  in  Ref.  123. 

It  will  first  be  noted  that  the  addition  of  the  slot  reduces  the  maximum 
lift  coefficient  under  no-suction  conditions  by  approximately  .25  as  compared 
with  the  base,  unslotted  airfoil,  indicating  that  some  minimum  suction 
quantity  is  necessary  simple  to  reestablish  base  profile  characteristics. 

With  only  one  exception,  these  curves  clearly  demonstrate  the  shape  previously 
indicated  in  Fig.  I37A,  with  the  Cq  corresponding  to  rapid  loss  in  slope 
being  between  ,0015  and  .0025.  Maximum  lift  coefficient  which  was  attained 
ranged  from  approximately  1.6  to  1.8,  representing  lift  increases  beyond 
maximum  for  the  base  profile  of  from  A  C|„^„  =  .20  to  ACi  =  .45. 
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.  a  C.  ^1 .48  would,  based  upon  the  I  inear  extrapolation 

Fig,  23  indicates  that  a 

+=>11  tnr  this  profile  at  a  Reynolds  Number 
method,  yield  pure  trai I ing-edge  stall  for  this  prot  1 1 

c  5.8  X  10^  This  value  ear  be  sees  to  be  considerably  less  than  the  lifts 
attained  by  the  great  majority  of  the  configurations  shown  in  Fig.  136. 

Assuming  the  val idity  of  the  appl ication  of  the  I  inear  extrapolation  method 
to  the  leading-edge  suction  syste™  as  discussed  previously,  the  indication 
here  is  that  the  n^Jorlty  of  the  slot  configurations  shown  realize  »uch  of 
tpeir  effectiveness  through  controlling  trai I ing-edge  separation.  This  ,s  not 
indicated  for  the  two  slots  located  directly  at  the  profile  leading-edge. 

Neither  of  these  configurations  achieves  in  this  C,  range  lift  even  as  great 

as  that  predicted  by  the  linear  extrapolation  oethod.  8  study  of  stall 

patterns  reveals  that  the  63,-012  profile  with  a  s.all  a»ount  of  suction 

Shows  separation  from  the  trai I Ing-edge  at  a  I ift  level  considerably  lower 

than  that  predicted  by  the  I  inear  extrapolation  method.  It  is  thus  felt 

that  combined  leading-edge  and  trai I ing-edge  separation  Is  creating  final 

stall  even  In  the  low  C,  range.  In  fact,  the  base  profile  itself  should, 

from  Fig.  17,  show  a  mixed  type  of  stall.  Boundary  layer  surveys  made  for 

one  slot  configuration  in  the  high  Op  regime  indicate  trai I ing-edge 

separation  at  angles  of  attach  well  below  stall.  Applying  the  approximate 

increment  usually  found  between  the  lift  coefficient  for  initiation  of 

trailing-edge  separation  and  that  for  stall,  there  Is  a  definite  indication 

of  the  existence  of  relatively  -pure"  trailing-edge  stall  in  this  range.  The 

stall-type  interpretation  given  to  the  curve  shape  (Fig.  I36>  therefore 

would  appear,  from  this  meager  Information,  to  hold  for  the  63,-012  configuration 

In  the  high  Cg,  low  slope  portion  of  the  curve.  Of  course,  the  initial  rise 
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is,  in  this  case,  characterized  by  mixed  stall  rather  than  the  leading-edge 
type. 

Figs.  139  and  140  demonstrate  the  effect  of  slot  width  and  location 
upon  the  maximum  lift  attainable  in  the  Cp  range  investigated.  It  can  be 
seen  from  Fig.  139  that  for  the  narrower  slots  chord)  the  optimum 

location  for  the  slot  leading-edge  is  at  ppprox imately  ,5%  chord.  For  wider 
slots,  however,  the  optimum  slot  location  appears  to  move  aft.  Fig.  140 
is  a  cross-plot  of  Fig.  139  extrapolated  on  the  basis  of  results  shown  in 
Ref.  124  of  tests  conducted  with  this  profile  utilizing  a  relatively  wide 
slot  (1.4^  chord).  Here,  it  is  noted  that  optimum  slot  width  increases  with 
increasing  suction  quantity.  For  the  .5%  slot  leading-edge  location,  the 
.6%  chord  slot  appears  optimum  for  Cq's^  .0015  while  a  slot  of  1.0^  width 
seems  best  for  Cg's  of  approximately  .0040.  This  trend  serves  to  demonstrate 
that  optimum  suction  slot  location  and  width  depends  to  a  very  large  extent 
upon  the  desired  maximum  lift  level. 

Liquid  film  studies  indicate  that  the  laminar  (leading-edge  type)  bubble 
extends,  immediately  prior  to  stall  for  this  particular  base  profile,  between 
the  .2%  and  .5%  chord  locations.  The  systems  which  seem  optimum  here,  however, 
all  utilize  suction  slots  which  have  leading-edges  downstream  of  this  region. 
This  would  seem  to  demonstrate  that  the  optimum  widths  and  locations  shown 
in  Figs.  139  and  140  are  considerably  aft  of  the  expected  optimum  tor  the 
prevention  of  leading-edge  separation  and  must  represent  near-optimums  for 
the  mixed  or  tra i I  ing-edge  separation  cases,  certain  configurations  being 
superior  in  the  high-lift  trai I  ing-edge  stall  region,  and  others  being  better 
where  stall  is  of  the  mixed  variety.  (It  will  be  noted  that  at  lift  levels 
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where  stall  appears  t|o  be  of  the  mixed  variety,  a  considerably  different  slot 
configuration  seems  cjptlmum  than  Is  the  case  where  lift  level  is  in  the 
relatively  "pure"  tra i I ing-edge  stall  range). 

It  might  be  pointed  out  that  for  maximum  lifts  up  to  levels  somewhat 
beneath  that  indicatJd  by  the  linear  extrapolation,  method  the  optimum  slot 
would  for  the  generalj  profile  likely  be  very  closely  that  which  is  best  for  the 
delay  of  pure  leadincji-edge  stall.  This  statement  would  certainly  hold  true 
where  base  profile  sjal I  is  of  the  pure  leading-edge  type.  Where  separation 
at  stall  is  of  the  mixed  variety,  but  with  final  stall  occurring  from  the 
leading-edge,  it  is  lelt  to  still  be  valid  as  there  would  seem  to  be  little 
sense  in  robbing  the  I  leading-edge  slot  of  Its  most  efficient  product,  delay 
of  leading-edge  sepaij-atlon.  In  order  to  inefficiently  delay  a  separation  type 
which  never  culminates  In  stall.  For  base  profiles  which  have  maximum  lift 
only  slightly  beneath  that  given  by  I  Inear  extrapolation  and  whose  stalls  occur 
from  the  trail ing-edge  (but  prematurily  by  virtue  of  the  existence  of  a 
leading-edge  bubble)! the  optimum  leading-edge  slot  would  probably  inove  back 
to  a  position  where  |it  can  more  effectively  delay  tra  1 1  ing-edge  separation 
while  taking  only  sm^l I  losses  in  its  efficiency  with  respect  to  leading-edge 
stall  delay.  The  I  i|ft  level  at  which  the  optimum  slot  for  leading-edge  stall 
delay  is  felt  to  give  way  to  that  optimum  for  mixed  stall  could  be  represented 
by  the  point  of  maxllnum  curvature  of  the  curves  of  Fig.  1 37A,  (assuming  the 
curve  shape  interpreffat ion  of  Fig.  17  to  be  correct).  It  can  be  seen  that 
this  point  of  optimu|m  slot  change  is  proportionately  extremely  close  to  the 
linear  extrapolat ion|  line  for  all  profiles  except  those  which  have  no-control 
characteristics  which  place  them  near  this  point  of  maximum  curvature  on  the 
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no-control  (base  profile)  curve  of  Fig.  I37A.  It  is  admitted  that  this  stall- 
type  criterion  for  changing  slot  location  as  a  function  of  desired  lift  level 
has  been  developed  intuitively  and  seems,  in  ways,  somewhat  arbitrary  and 
difficult  to  apply.  Optimum  slot  position  does  not  Jump  from  one  place  to 
another  as  lift  level  changes  but  probably  undergoes  a  rather  constant 
displacement.  The  "jump"  change,  however,  seems  the  only  practical  way  of 
approaching  the  problem.  In  application,  it  should  usually  be  possible  to 
assume  that,  for  most  profiles,  the  linear  extrapolation  line  represents  the 
lift  level  beyond  which  the  slot  must  be  moved  aft  to  the  "mixed  stall" 
optimum  for  most  efficient  operation.  This  would  create  proportionately  large 
errors  only  for  those  profiles  which,  in  their  no-control  condition,  suffer 

r 

mixed  stal I . 

There  can  therefore  be  said  to  be  three  separate  regions  of  maximum  lift 
which  necessitate  at  least  three  optimum  slots”Slot  selection  being  a  matter 
of  desired  maximum  lift.  Inspection  of  Figs.  138,  139,  and  140  gives  some 
idea  of  the  different  slots  required  for  greatest  efficiency  in  the  several 
lift  regimes  for  the  case  of  the  63|-0I2  configuration.  For  lifts  up  to  the 
mixed  (tra i I ing-edge)  stall  lift  level,  the  thinner  slot  located  directly  on 
the  profile  nose  indeed  seems  the  best  of  the  configurations  tested.  This  is 
more  obvious  (Fig.  I38)when  it  is  recalled  that  closely  half  of  the  suction 
quantity  is  here  being  wasted  on  the  lower  surface.  Other  leading-edge 
suction  tests  have  indicated  that  extending  suction  to  the  lower  surface  serves 
only  to  add  to  the  necessary  suction  quantity.  The  wider  nose-centered  slot 
is  highly  inefficient  because’ it  not  only  throws  away  power  over  a  large 
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portion  of  the  under  surface,  but  also  extends  to  a  prohibitive  length  on  the 
upper  surface.  It  will  be  noted  that,  as  the  63|-0I2  itself  stalls  in  a 
mixed  manner,  very  little  lift  increase  could  be  achieved  through  use  of  the 
optimum  slot  for  leading-edge  stall  control.  Again,  it  would  generally  be 
expected  that,  for  most  profiles,  the  linear  extrapolation  could  be  used  to 
define  the  lift  where  the  leading-edge  stall  optimum  slot  location  ceases  to 
be  optimum  for  the  profile.  The  invalidity  of  this  method  for  use  with 
profiles  which  show  a  good  deal  of  trailing-edge  separation  prior  to  base- 
profile  stall  is  dercnstrated  by  these  tests  which  not  only  show  the  nose- 
centered  slots  losing  efficiency  at  a  lift  level  considerably  under  the 
linear  extrapolation  lift  level,  but  indicate  that  slots  initiating  at 
locations  from  .3^  to  Ate  become  rapidly  interior,  even  in  this  relatively 
low  lift  regime,  to  those  at  intermediate  (,5^c-.7^c)  positions. 

For  lift  levels  in  the  portion  of  the  stall  curve  where  stall  seems  of 
the  trailing-edge  type  but  with  leading-edge  separation  present  and  influencing, 
those  slots  with  leading-edges  in  the  region  from  .5^c  to  .7^c  appear  optimum. 
Intermediate  slot  widths  {A%c  to  .6^c)  seem  best  but  slot  location  is  seen 
to  be  the  dominant  factor. 

Fig.  138  reveals  that  the  most  efficient  slot  for  the  attainment  of 
very  high  lifts  is  the  wide,  comparatively  aft  slot.  The  more  aft  the  slot 
extends  the  greater  is  the  achievable  lift,  but  only  at  the  premium  of 
considerably  additional  Cq,  For  this  profile,  a  .8^c  wide  slot  with  its 
leading-edge  at  the  .38^c  station  will  attain  a  of  1.8  at  a  Cq  of 

.004.  A  l.4^c  slot  with  its  leading-edge  at  the  same  location  can  achieve 
a  of  2.0  at  a  Cq  of  .007  (Ref.  124). 
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Again,  dividing  optimum  slot  configurations  for  the  attainment  of  lifts 
in  excess  of  what  is  approximately  linear  extrapolation  lift  into  a  "mixed" 
stall  optimum  and  a  "pure  trai I ing-edge  stall"  optimum  is  arbitrary,  there 
without  doubt  being  a  smooth  variation  in  optimum  slot  configuration  with 
lift  level  desired.  This,  however,  represents  the  simplest  method  of 
presentat ion. 

From  a  comparison  of  the  characteristics  of  the  medium  lift  level 
("mixed  stall")  optimum  slot  and  the  high  lift  level  ("tra i I ing-edge  stall") 
optimum  in  the  leading-edge  stalling,  low  lift  level  regime,  it  is  obvious 
that,  while  the  trai  I  ing-edge  stall  optimum  delays  trai I  ing-edge  stall  most 
efficiently,  the  mixed  stall  optimum  delays  leading-edge  stall  more  readily. 

The  comparatively  high  initial  slope  of  the  vs  Cq  curve  for  the  optimum 

"mixed-stall"  configuration  falls  off  and  crosses  the  curve  of  the  optimum 
"tra  i  I ing-edge  stall"  configuration  at  a  lift  level  considerably  greater 
than  that  given  by  linear  extrapolation  and  at  a  comparatively  high  Cq.  By 
comparison,  the  more  forward  located  optimum  "leading-edge  stall"  configuration 
will  yield  the  highest  initial  slope  but  its  lift-increasing  abilities 
deteriorate  at  a  lift  level  somewhat  below  that  given  by  the  linear  extrapolation 
method.  These  observations,  although  far  from  yielding  a  complete  picture, 
give  some  insight  into  the  operation  of  leading-edge  suction  upon  trail ing- 
edge  separation.  Firstly,  within  the  range  tested,  the  more  aft  the  suction 
is  applied,  the  greater  will  be  the  tra  i  I  ing-edge  control.  Also,  the  more 
aft  the  suction  is  applied,  the  less  efficient  will  it  be  in  delaying  leading- 
edge  separation.  A  third  observation  is  that  suction  extending  no  more  aft 
than  that  point  where  the  optimum  slot  for  leading-edge  stall  delay  would  be 
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located  could  be  expected  to  do  little  or  no  good  for  trai I ing-edge  stall 
delay. 

Thus,  for  the  achievement  of  lifts  in  the  tra  i  I  ing-edge  stall  regime,  a 
compromise  must  be  reached  whereby  suction  may  be  applied  as  far  aft  as 
possible  while  still  sufficiently  forward  to  assure  reasonable  leading-edge 
control.  "Reasonable"  leading-edge  control  would  be  thought  to  mean  not  only 
control  of  leading-edge  separation,  but  preservation  of  laminar  flow  to  the 
slot.  It  would  be  expected  that,  were  the  flow  turbulent  at  the  slot  (by 
virtue  of  a  laminar  bubble  and/or  large  adverse  pressure  gradients),  excessive 
Cq  would  be  required  for  a  given  amount  of  trail ing-edge  control.  The  most 
aft  location  at  which  the  leading-edge  of  the  slot  for  optimum  tra i I ing-edge 
control  may  be  eff.ciently  located  is  difficult  to  derive  from  the  data,  but 
indications  are  that  it  is  only  slightly  {.l^c-,2^c)  aft  of  the  point  where 
the  base  profile  experiences  laminar  break  away  (approximately  .5^c).  It 
further  seems  that  initiating  the  slot  much  further  forward  than  such  a 
location  will  result  in  increased  high-lift  suction  quantity  requirements 
because  of  the  increased  width  required  and  the  greater  external  pressures 
opposed.  Optimum  location  of  the  slot  tra i I ing-edge  for  the  attainment  of 
very  high  lifts  is  difficult  to  predict.  It  could  be  guessed,  however,  that 
there  would  be  little  value  in  extending  the  slot  any  further  aft  than  that 
chordwise  region  where  the  external  pressure  peak  ceases,  to  all  extents  and 
purposes,  to  exist.  Extension  of  the  slot  aft  of  this  most  sensitive  region 
would,  in  the  absence  of  controlled  suction  quantity  distribution,  probably 
create  excessive  Cq  requirements. 
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By  relating  the  optimum  slot  locations  obtained  for  the  63|-0I2 
configuration  to  the  location  of  the  laminar  bubble  for  base  profile  stall, 

It  may  be  possible  to  qualitatively  indicate  the  variation  in  suction  slot 
optimum  position  with  stall  regime,  or  lift  level,  for  the  general  case.  It 
has  already  been  suggested  that,  in  the  general  case,  for  the  attainment 
of  lifts  in  the  leading-edge  stall  regime,  or  the  portion  of  the  mixed-stall 
regime  lying  beneath  the  pure  tra i I  ing-edge  stall  line  (as  predicted  by  the 
linear  extrapolation  method),  the  slot  would  best  be  located  before  or  under 
the  position  where  the  laminar  bubble  exists  immediately  prior  to  base  profile 
stal  I . 

In  the  portion  of  the  stall  curve  where  stall  seems  of  the  tra i I ing-edge 
type  but  with  leading-edge  separation  present  and  influencing,  these  slots 
with  leading-edges  in  the  region  from  .5^c  to  appear  optimum. 

Intermediate  slot  widths  (.4^c  to  .b%z)  seem  best  but  slot  location  is  seen 
to  be  the  dominant  factor.  This  upper  portion  of  the  mixed  stall  regime  is 
difficult  to  analyze  in  that  slot  configurations  which,  by  location,  would  be 
thought  to  handle  leading-edge  separation  well  and  trai I ing-edge  separation 
poorly  can  at  some  Cg  be  as  efficient  as  slots  which  control  tra i I ing-odge 
separation  comparatively  better  than  leading-edge.  However,  if  the  slot  is 
quite  efficient  in  dealing  with  trai  I ing-edge  stall  the  mixed  stall  region 
extends  to  higher  i ifts  and  greater  Cg's  than  would  be  the  case  had  the  slot 
a  configuration  not  so  amenable  to  trai I ing-edge  control.  Thus,  in  the 
plot  of  C|^g^  vs  Cg,  the  low  initial  slope  and  high  level-off  lift  coefficient 
is  characteristic  of  a  leading-edge  slot  with  good  trai i ing-edge  control 
capabilities  (at  the  necessary  expense  of  ieading-edge  control)  while  the 
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high  initial  slope  and  low  level-off  lift  coefficient  is  characteristic  of 
a  slot  with  good  leading-edge  control  capabilities.  The  next  paragraph 
will  show  that,  for  the  model  under  consideration  at  least,  the  slot  which 
efficiently  controls  trai I ing-edge  separation  is  of  considerably  different 
configuration  than  the  well  forward,  narrow  slot  which  seems  .most  suitable 
for  leading-edge  control. 

Fig.  138  reveals  that  the  most  efficient  slot  for  the  high-l ift, 
relatively  flat  (tra  i  I  ing-edge  stall)  portion  of  the  curve  is  the  very  wide, 
comparatively  aft  slot.  The  more  aft  the  slot  extends  the  greater  will  be  the 
achievable  lift,  but,  of  course,  only  at  the  premium  of  additional  Cg.  In 
order  to  maintain  Cg  at  a  minimum  in  the  lower  lift  range,  it  seems  best  to 
initiate  the  slot  sufficiently  forward  to  permit  at  least  reasonable 
efficiency  in  controlling  leading-edge  separation.  Thus  certain  compromises 
between  slot  width  and  slot  initiation  point  must  be  made  and  the  lower  lift 
sacrifices  must  be  considered  if  very  high  lift  is  desired.  For  this  profile, 
a  .8^c  wide  slot  with  its  leading-edge  at  the  .38^c  station  will  attain  a 
C|ma^  of  I .8  at  a  Cg  of  .004.  A  l.4^c  slot  with  its  leading-edge  at  the  same 
location  can  achieve  a  of  2.0  at  a  Cg  of  .007  (Ref.  124).  Beyond 

these  respective  suction  quantities,  which  indicate  the  initiation  of  the  pure 
trai  I ing-edge  stall  regimes,  the  lift  curves  are  relatively  flat.  Unfortunately, 
there  seems  no  reasonable  way  currently  available  to  predict  the  effect  of 
further  Cg  increases  upon  pure  trai I ing-edge  stall  delay  tor  slots  at  these 
forward  locations. 

By  relating  the  optimum  slot  locations  obtained  for  the  63|-0I2 
configuration  to  the  location  of  the  laminar  bubble  for  base  profile  stall,  it 
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„ay  ba  possible  to  qualitatively  indicate  the  variation  in  suction  slot 
optima,  position  with  stall  regime  or  litt  level  for  the  general  case.  It 
has  already  been  suggested  that,  in  the  general  case,  tor  the  attainment  of 
lifts  In  the  leading-edge  stall  regime  or  the  portion  of  the  mived  stall 
regime  lying  beneath  the  pure  trai 1 ing-edge  stall  line  (as  predicted  by  the 
linear  extrapolation  method)  the  slot  would  best  be  located  before  or  under 
the  position  Where  the  laminar  bubble  exists  Immediately  prior  to  base  profile 
stall.  In  most  cases  such  a  position  would  be  forward  of  the  .ii  chord  station. 
AS  has  been  indicated,  the  slot  should  not  normally  extend  beyond  the  profile 
leading-edge.  This  would  indicate  that  the  slot  should  be  placed  somewhere 
between  the  profile  leading-edge  and  the  .5%  location.  The  63|-0I2  studies 
serve  to  demonstrate  approximate  bubble  position  but  represent  an  exception 
to  the  linear  extrapolation  criterion  above.  The  slot  which  is  in  optimum 
position  for  leading-edge  stall  delay  will  be,  for  profiles  which  stall  in 
their  uncontrolled  condition  with  a. large  amount  of  trai I ing-edge  separation 
present,  too  far  forward  tor  greatest  efficiency  unless  only  a  very  small 
lift  gain  is  desired.  In  this  case,  such  a  slot  is  optimum  only  to  lift 
levels  considerably  less  than  that  given  b,  the  trail Ing-edge  linear 
extrapolation.  The  point  where  this  location  is  no  longer  optimum  is 
probably  very  close  to  the  lift  where  final  stall  is  of  the  trai I ing-edge 

(but  mixed)  type. 

For  the  traillng-edge  stall  portion  of  the  mixed-stall  regime,  relatively 
wide  slots  (.4-.6#c)  initiating  Immediately  aft  of  the  location  of  the  bubble 
(base  profile  stall)  should  yield  better  results  than  more  forward  or  att 
slots.  SO  as  to  efficiently  attain  lifts  in  the  high  lift  region  governed  by 
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the  pure  trai I ing-edge  stall  portion  of  the  vs  Cq  curve,  the  wide  slot 

(.8-2.0j5c)  extending  aft  from  approximately  the  base-profile-stall  bubble 
location  is  recommended.  The  chordwise  location  at  which  the  laminar  bubble 
exists  immediately  prior  to  base  profile  stall  will,  of  course,  vary  with 
profile  shape,  the  thinner  profiles  probably  yielding  a  more  forward  position. 

Of  course,  trai I ing-edge  stalling  profiles,  whether  the  separation  is 
mixed  or  pure,  may  benefit  more  from  midchord  or  tra i I ing-edge  suction,  with 
the  now  relatively  unimportant  leading-edge  bubble  being  neglected  or  very 
Inefficiently  delayed.  If  the  base  profile  stalls  from  the  leading-edge, 
however,  the  slot  locations  above,  although  based  upon  only  one  series  of 
tests,  for  one  profile  at  one  Reynolds  Number,  should  be  valid.  Certainly, 
more  tests  would  be  of  considerable  value  in  better  defining  the  picture. 

One  major  parameter  which  has  been  mentioned  but  not  discussed  in 
connection  with  this  investigation  is  the  effect  of  the  chordwise  distribution 
of  velocity  into  the  slot.  In  that  the  leading-edge  suction  slot  is 
general ly- located^in  a  region  of  external  adverse  pressure  gradient,  the 
slot  should  experience  a  chordwise  suction  velocity  distribution  which  yields 
a  suction  velocity  increasing  as  the  station  of  interest  is  moved  from  slot 
leading-edge  to  slot  tra i  I  ing-edge.  The  suction  velocity  gradient  depends 
for  a  given  Cq,  of  course,  upon  slot  location  and  slot  width  as  well  as 
free-stream  velocity.  This  gradient  is,  in  addition  to  general  slot  location, 
probably  the  most  important  variable  effecting  the  aerodynamic  efficiency  of 
a  leading-edge  suction  slot.  In  that  suction  velocity  distribution  may 
change  with  free-stream  velocity,  it  is  expected  that  variations  in  forward 
velocity  can  somewhat  imodify  optimum  slot  location  for  any  of  the  three  flow 
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regimes  considered,  but  possibly  not  beyond  the  limits  of  the  locations 
recotnmended  here.  This  should  be  considered  in  further  investigations. 
Comparing  the  probable  qualitative  suction  velocity  distributions  against 
the  experimentally  determined  optimum  slot  location  indicates  that  for  best 
control  of  trai I ing-edge  separation  at  a  given  lift  (for  the  leading-edge 
slot  case),  there  should  exist  some  minimum  suction  velocity  at  some 
location  considerably  aft  of  the  laminar  bubble  point.  The  slot  must, 
however,  extend  forward  sufficiently  to  provide  reasonable  suction  velocity 
at  a  point  where  growth  or  detachment  of  this  bubble  may  be  controlled.  Any 
velocity  distributi  n  which  gives  an  excess  of  velocity  at  the  tra i I ing-edge 
of  such  a  slot  and/or  too  little  velocity  near  the  laminar  bubble  position 
will  be  less  than  optimum.  The  optimum  slot  locations  for  the  other  two 
flow  regimes  may  be  analyzed  from  the  point  of  view  of  suction  velocity 
distribution  in  a  similar  highly  qualitative  manner.  Unfortunately,  just 
what  suction  velocity  or  velocity  distribution  is  needed  at  what  location 
or  throughout  which  area  is  still  a  question  mark  necessitating  rather 
basic  research  in  order  to  achieve  any  sol  id  answer. 

In  that  any  given  airfoil  can  normally  have  only  one  leading-edge  slot 
and  not  one  for  each  of  the  previously  described  three  flow  regimes  it  may 
pass  through,  it  becomes  necessary  to  ascertain  which  slot  would  be  best 
for  which  airfoil.  The  criterion  here  would  probably  be  the  greatest 

A  ^  for  the  least  Cp.  It  is  suggested  that  for  thin  airfoils  which 
necessitate  a  very  high  A  in  order  to  reach  the  Ci  value 

predicted  by  linear  extrapolation,  the  more  forward  slot  would  probably  be 
selected  as  the  best  optimum.  For  thicker  profiles  which  still  stall  from 
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the  leading-edge  without  control,  the  location  which  is  optimum  for  attaining 
lifts  in  the  upper  portion  of  the  mixed-stall  regime  is  suggested,  although 
if  excess  Cq  is  available,  it  would  be  wise  to  use  the  wide  tra i I ing-edge 
control  type  of  slot.  The  optimum  slot  location  for  profiles  which  normally 
stall  from  the  tra  i  I  ing-edge,  but  in  a  mixed  manner,  is  difficult  to  predict. 
Although  for  low  lift  levels  the  slot  last  suggested  might  be  best,  it  could 
well  be  that  a  slot  located  as  far  aft  as  the  lOJf  chord  position  might  be 
best  for  very  high  lifts.  Such  a  slot  could  control  the  now  comparatively 
ineffectual  leading-edge  bubble  and  much  more  effectively  actuate  the 
boundary  layer  over  the  trai I ing-edge.  For  thick  profiles  which  in  base 
condition  stall  from  the  tra i I ing-edge  in  a  pure  manner,  it  would,  in  the 
single  slot  case,  probably  be  better  to  leave  the  leading-edge  entirely  and 
use  a  slot  considerably  further  aft.  This  would  certainly  be  the  case  for 
the  very  thick  profile  (t/c  =  24^). 

It  must  be  borne  in  mind  that  the  optimum  slots  suggested  here  are 
based  upon  optimum  aerodynamic  efficiency  and  do  not  necessarily  represent 
optimums  from  the  point  of  view  of  power  required.  Although  the  latter 
would  certainly  be  a  superior  criterion,  lack  of  test  information  and 
individuality  of  systems  in  this  respect  makes  such  a  consideration  beyond 
the  scope  of  this  report.  It  may  be  pointed  out,  however,  that  for  a  given 
Cq,  power  required  depends  upon  the  magnitude  of  the  external  pressure 
distribution  assummed  over  the  slot  opening  and  thus  depends  upon  profile 
shape,  free-stream  velocity,  and  slot  location  and  width.  Obviously,  this 
places  the  leading-edge  slot  in  a  rather  bad  position  power-wise  as  compared 
with  slots  located  well  aft  of  the  leading-edge  pressure  peak.  Also, 
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considering  only  leading-edge  slots,  power  considerations  may  alter  the 
optimum  slot  location,  possibly  tending  to  move  such  locations  somewhat  aft. 

Ref.  123  indicates  no  change  in  lift  curve  slope  through  leading-edge 
suction  until  angles  of  attack  immediately  below  that  for  base  profile  stall 
are  attained.  It  is  thought  that  this  would  only  be  true  for  base  profiles 
stalling  from  the  leading-edge  with  the  leading-edge  type  of  bubble  preceding 
such  stall.  In  such  a  case,  the  base  profile  itself  maintains  a  nearly 
theoretical  slope  which  is  the  maximum  slope  attainable  even  with  extremely 
large  Cg's.  This  author  can  find  no  case  where  leading-edge  suction  can 
create  circulation  control  at  the  profile  nose.  It  might  be  mentioned,  however, 
that  leading-edge  blowing  utilizing  very  high  momentum  coefficients  appears 
to  be  capable  of  producing  such  an  effect.  For  profiles  yielding  leading-edge 
separation  of  the  th in-airfoil  type,  leading-edge  suction  will  probably 
increase  the  slope  of  the  lift  curve  for  angles  of  attack  greater  than  that 
at  which  the  bubble  forms  on  the  base  profile.  This  is  due  to  the  characteristic 
fall -off  in  slope  of  the  base  airfoil's  lift  curve  in  this  range. 

For  the  usual  profile,  leading-edge  suction  should  not  produce  any 
change  in  angle  of  attack  for  zero  lift,  such  a  change,  in  view  of  the  lack  of 
circulation  control,  only  becoming  possible  with  thick,  cambered  profiles 
which  show  a  very  thick  or  partially  detached  boundary  layer  over  the  trail  ing- 
edge  even  at  zero  angle  of  attack.  Here  suction,  through  controlling  the 
trai  I  ing-edge,  may  affect  changes  in  oCq.^.,  . 

It  is  of  some  interest  to  note  from  Ref.  123  that  not  until  an  angle  of 
attack  of  approximately  5°  did  the  suction  proceed  to  thin  the  turbulent 
boundary  layer.  At  lower  angles,  the  slot  was  seen  to  actually  cause 
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premature  turbulence.  Another  interesting  point  brought  out  in  this  reference 
is  that  some  I ift  increment  may  be  attributed  to  the  fact  that  the  pressure 
felt  at  the  slot  will  be  the  internal  pressure,  which  will  always  be  more 
negative  than  v/ould  be  indicated  by  use  of  the  external  pressure  distribution. 
However,  it  is  shown  that  a  slot  of  .15%c  width  and  a  Cq  of  .0065  will  yield 
a  I ift  increment  due  to  this  effect  of  only  A  =  +.05.  As  the 

majority  of  practical  slots  will  normally  be  smaller  and  operating  at  lesser 
Cq's,  it  would  seem  that  this  effect  can  generally  be  neglected. 

The  only  other  literature  available  dealing  with  leading-edge  slot 
suction  describes  investigations  conducted  in  England  and  in  Germany  in  the  late 
and  middle  forties.  The  British  suction  work  was  performed  using  two  special 
airfoils,  the  "Giauert"  suction  profile  and  the  "Lighthill"  suction  profile. 
Tests  of  these  thin  airfoils  are  described  in  Refs.  120  and  121  and  the 
results  are  summarized  in  Fig.  I4IA.  It  will  be  noted  that  both  profiles 
demonstrate  vs  Cq  slopes  which  are  lower  than  any  found  in  the 

experiments  described  in  Ref.  123  (previously  discussed).  This  relative 
inefficiency  is  probably  the  result  of  poor  slot  location.  The  sharp-nosed 
"Giauert"  profile  has  a  very  small  slot  located  at  approximately  the  .l%c 
location.  It  is  proposed  that  this  slot  is  too  far  aft  for  proper  control 
of  leading-edge  separation.  Fig.  I4IA  seems  to  indicate  that  widening  the 
slot  will  increase  maximum  lift,  but,  as  only  one  point  is  given  for  this  wide- 
slot  condition,  this  cannot  be  said  with  certainty.  On  the  other  hand,  the 
"Lighthill"  profile  has  a  slot  located  at  the  airfoil  leading-edge,  which 
would  logically  seem  to  be  optimum  for  such  sharp-nosed  profiles.  It  is 
felt  that  the  problem  here  is  excessive  slot  width  as  well  as  the  wasteful 
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extension  of  the  slot  to  the  lower  surface.  Thus  It  appears  that  although 
these  two  configurations  have  characteristics  that  can  be  faired  to  one 
curve,  they  quite  likely  suffer  from  different  forms  of  the  same  disease — 
non-opt imum  slot  location. 

The  German  investigations  were  involved  with  the  determination  of 
optimum  slot  location  for  profiles  of  various  thicknesses.  Some  of  the 
results  of  this  early  work  of  Walz  were  reproduced  by  Thomson  in  Ref.  170 
and  are  again  reproduced  here  in  Fig.  I4IB.  In  that,  according  to  Thomson, 
the  original  work  did  not  indicate  slot  width,  much  of  the  value  of  this 
curve  is  lost.  Also,  as  the  desired  maximum  lift  seems  important  with  regard 
to  optimum  slot  location,  this  curve  should  probably  really  be  a  family 
of  curves  in  Cq.  It  is  thus  recommended  that  Fig.  l4iB  would  best  be 
approached  with  more  than  a  little  caution.  Although  the  trend  shown  here  is 
felt  to  be  correct,  the  magnitude  and  the  use  of  a  single  curve  could  be 
misleading. 

One  of  the  major  problems  of  leading-edge  slot  suction  appears  to  be 
the  provision  of  sufficient  suction  velocity  lOt  the  optimum  chordwise  location 
without  simultaneously  creating  excessive  suction  quantity  at  other  chordwise 
locations  within  the  range  of  the  finite  slot.  The  external  pressure  peak 
under  which  the  slot  must  operate  creates  this  problem  by  producing  a 
distribution  of  suction  velocity  into  the  slot  which  characteristically  shows 
suction  velocity  increasing  rapidly  from  slot  leading-edge  to  slot  trail  ing- 
edge.  The  problem  is  made  more  complex  by  the  forward  movement  and  increased 
magnitude  of  this  pressure  peak  with  increasing  angle  of  attack.  This,  for 
the  most  properly  located  slot,  will  generally  induce  rapid  increases  in  the 
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suction  velocity  gradient  along  with  forward  movement  of  the  optimum  suction 
location.  A  situation  of  this  nature,  which  establishes  an  inherent 
incompatibility  of  slot  location  and  width  required  and  suction  velocity 
distribution  required,  is  obviously  wasteful  of  suction  quantity  because  the 
majority  of  the  suction  flow  is  moving  aft  while  the  point  where  it  is  needed 
is  moving  forward. 

One  means  which  has  been  developed  to  alleviate  this  condition  is  the  use 
of  porous  suction  over  the  leading-edge  portion  of  the  wing.  This  type  of 
system,  often  referred  to  as  area  suction,  provides  a  certain  amount  of 
suction  flow  resistivity  which  acts  to  lessen  the  suction  velocity  gradient 
for  a  given  Cg  or,  through  permitting  resistivity  to  increase  from  the  leading- 
edge  of  the  porous. area  to  the  trai I ing-edge,  may  even  permit  suction 
velocities  actually  decreasing  in  the  aft  direction.  It  has  generally  been 
found  that  properly  designed  area  suction  can  attain  a  given  A  ^1^,3^^ 
for  a  iower  Cg  than  would  be  possible  with  an  optimum  suction  slot.  It 
should  be  recalled,  however,  that  increased  resistivity  means  increased  power 
for  a  given  Cg.  Therefore  the  smaller  suction  quantity  necessitated  by 
area  suction  as  compared  to  siot  suction  may  be  outweighed  by  an  increased 
power  requirement.  Although  It  is  felt  that  area  suction  can  be  designed  to 
require  less  power  than  leading-edge  slot  suction,  insufficient  data  is 
available  to  rigidly  establish  this  point. 

Various  materials  have  been  tested  for  use  as  porous  media.  These 
include  perforated  metal  sheet,  sintered  metal,  ceramics,  wood,  felt,  and 
filter  paper.  At  test  Reynolds  Numbers,  the  most  practical  of  these  have  been 
felt,  filter  paper,  and  sintered  bronze. 
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The  degree  of  resistivity  of  a  porous  material  may  be  indicated  by  its 
"index  of  resistivity",  T  ,  which  is  defined  as  the  total  pressure 
difference  in  inches  of  water  required  to  induce  a  suction  air  velocity  of 
one  foot/sec.  through  a  porous  material  of  given  thickness.  This  is  measured 
where  free  stream  velocity  is  zero  so  that  the  effect  of  external  pressure 
gradient  may  be  cancelled.  Fig.  142  illustrates  three  general  types  of 
permeability  arrangements,  constant  resistivity,  tapered  resistivity,  and 
stepped  resistivity.  For  the  constant  resistivity  case,  a  suction  velocity 
distribution  is  established  which  yields  velocity  increasing  from  the  leading- 
edge  of  the  porous  area  to  its  trai I ing-edge.  For  a  given  Cq,  .leading-edge 
suction  velocity  increases  while  trai I ing-edge  velocity  correspondingly 
decreases  as  resistivity,  X  ,  is  increased.  In  order  to  achieve  a  relatively 
efficient  suction  velocity  distribution  it  is  thus  necessary  to  go  to  high 
resistivities  which  necessarily  means  high  suction  powers  to  produce  a  given 
suction  quantity.  Because  this  is  the  case,  and  because  the  constant  permeability 
arrangement  can  yield,  at  best,  only  a  constant  suction  velocity  distribution 
across  the  porous  area,  designers  have  devised  tapering  and/or  stepping  the 
chordwise  resistivity  distribution  in  such  a  way  that,  even  for  low  values  of 
T  ,  a  constant  velocity  distribution  or  one  decreasing  from. lead ing-edge 
to  porous  area  tra i I ing-edge- may  be  readily  achieved.  In  that  such  a  suction 
velocity  distribution  appears  desirable,  it  would  seem  that  the  tapered  or 
stepped  arrangement  could  provide  closely  optimum  aerodynamic  performance  while 
maintaining  power  requirements  only  slightly  in  excess  of  those  for  leading- 
edge  slots  (which  appear  to  be  aerodynamical  I y  less  efficient  than  porous 
suction  in  every  case). 
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Felt  readily  lends  itself  as  the  porous  material  in  the  tapered 
permeability  design,  while  filter  paper  in  stepped  layers  seems  a  convenient 
arrangement  through  which  to  attain  stepped  permeability,  A  surface  material 
such  as  perforated  metal  sheet  must  normally  cover  the  felt  to  protect  it 
from  being  roughened  and  from  other  possible  mishaps  caused  by  the  airflow. 

Of  course,  any  filter  paper  arrangement  necessitates  strong  backing  (perforated 
metal  or  screen)  even  though  the  filter  paper  may,  under  test  conditions,  be 
placed  at  the  profile  surface. 

Refs.  116,  117,  118,  and  119  describe  experiments  performed  by  the  NACA 
in  the  field  of  leading-edge  porous  suction.  In  addition  to  providing 
information  regarding  the  effectiveness  of  various  permeability  arrangements, 
these  references  give  some  indication  of  the  optimum  chordwise  extent  and 
location  of  leading-edge  porous  suction.  These  findings  are  summarized  in 
F igs.  143  and  144. 

Figs.  143  and  145  demonstrate  the  effects  of  porous  suction  location 
and  extent  upon  the  characteristics  of  a  10,51^  profile  (Refs.  117  and  118), 
a  64|A2I2  prof i le  (Ref.  116),  and  a  0006  profile  (Ref.  119).  With  the 
exception  of  the  0006  case  where  such  data  was  not  available,  data  shown 
is  for  constant  permeability  conditions.  It  is  felt  that,  for  most  realistic 
curve  fairing,  the  curves  should  initiate  (Cq  =  0)  at  the  lift  coefficient 
where  the  profile  stalls  with  porous  area  present  but  sealed  to  prevent 
outflow.  This  is  consistent  with  the  handling  of  the  leading-edge  suction 
slot  discussed  previously. 

The  \0.5\%  profile  of  Fig.  143  is  of  a  series  which  appears  closely 
a  cross  between  the  *’00"  series  and  the  "64"  series.  Although  the  nose  has 
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a  bluntness  slightly  greater  than  that  for  the  0010,  general  profile  shape 
aft  tends  to  approximate  the  64-010.  The  base  10,51^  profile  appears  from 
boundary-layer  surveys  to  stall  in  a  closely  pure  leading-edge  manner, 
although  trai I  ing-edge  separation  seems  imminent.  Stall  pattern  with  suction 
is  indicated,  from  studies  of  lift-curve  stall  shapes,  to  be  quite  consistent 
with  the  trend  indicated  in  Fig,  136  and  an  estimated  linear  extrapolation 
C|max  of  I ‘^5  for  this  profile  at  this  Reynolds  Number  very  closely  divides 
stalls  which  are  predominantly  leading-edge  from  those  which  are  primarily 
of  the  trail ing-edge  type. 

Fig.  I43A  reveals  that,  as  might  be  expected  on  the  basis  of  the 
leading-edge  slot  observations,  optimum  porous  extent  is  primarily  a 
function  of  desired  lift  level.  The  porous  area  extending  from  the  leading- 
edge  to  the  .75^c  location  looks  to  be  the  best  of  those  tested  from  the 
point  of  view  of  leading-edge  stall  delay.  Again,  fall-off  prior  to  the 
achievement  of  linear  extrapolation  lift  is  seen  and  is  felt  to  be  indicative 
of  the  mixed  stall  region  into  which  this  profile  enters  at  comparatively 
small  values  of  Cq,  As  with  the  leading-edge  slot,  increases  in  chordwise 
porous  extent  serve  to  decrease  the  initial  slope  of  maximum  lift  vs  Cq 
but  increase  the  ultimate  lift  attainable.  It  will  be  noticed  that,  unlike 
the  leading-edge  slot  case,  trai I ing-edge  BLC  for  a  given  configuration 
ceases  to  become  more  powerful  with  suction  quantity  increases  or  increase 
in  chordwise  suction  extent  after  a  given  Cq  is  attained.  (Note  the 
leveling-off  of  the  curve  at  =  1.8)).  Although  the  reason  for  this 

effect  is  not  obvious,  it  is  possible  that  it  can  be  attributed  to  the 
comparative  insensitivity  to  Cq  variations  in  the  case  of  porous  suction  with 
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reiatively  large  resistivity,  of  the  seemingly  important  suction  velocity 
at  the  control's  trai I ing-edge. 

Fig.  I43B  is  indicative  of  the  large  effect  resistivity  may  have  on 
the  aerodynamic  efficiency  of  leading-edge  suction.  Comparing  Fig.  138, 

I43B  and  I43A  cannot  fail  to  reveal  the  highly  beneficial  effect  resistivity 
can  produce — from  the  aerodynamic  point  of  view  if  not  from  that  of  power. 

It  will  be  further  noted  from  this  figure  that  the  apparent  optimum  slot 
configuration  initiates  at  the  .3^  chord  location  rather  than  the  profile 
leading-edge.  Pressure  distributions  indicate  that  the  blunt  nose  causes  a 
base  profile  pressure  peak  to  occur  at_the  ,6$  chord  location  immediately 
prior  to  stall  and  that  this  peak  does  not  move  far  forward  of  the  .2%  location 
even  under  high  Cg,  high  oc  conditions.  Thus  initiating  suction  this  far 
aft  will  not  detract  from  leading-edge  stall  prevention  and  without  doubt 
diminishes  the  total  suction  flow  required.  On  the  majority  of  profiles, 
however,  it  would  be  thought  that  porosity  should  initiate  at  the  leading- 
edge.  Although  such  a  location  may  waste  a  little  power,  it  is  felt  that 
it  is  better  to  be  sure  of  having  the  leading-edge  bubble  under  efficient 
control  than  to  initiate  suction  too  far  aft.  The  configuration  with  suction 
initiating  at  the  .5%  chord  point  will  be  seen  to  be  inferior  to  that 
initiating  at  the  position—probably  because  it  is  too  far  aft  to 
properly  control  the  leading-edge  separation.  Fig.  I43B  also  points  up  the 
fact  that  excessive  porous  area  will  create  inefficiencies  particularly  in 
the  leading-edge  stalling  regime,  while  extending  porosity  beneath  the 
leading-edge  can  do  nothing  but  create  waste  in  suction  quantity  and  power 
required. 
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The  64|A2I2  characteristics  summarized  in  Fig.  I44A  show  the  same  trends 
regarding  the  effect  of  porosity  extent  as  indicated  for  the  10.51^ 
configuration.  Although  the  base  profile  stall  was  of  the  mixed  leading-edge 
type,  stall  under  all  powered  conditions  tested  appeared  to  be  of  the  mixed 
tra i I ing-edge  or  pure  tra i I ing-edge  type.  Linear  extrapolation  maximum  lift 
coefficient  is  here  =  1.45.  The  indication  here  is  that  all  porous  extents 
tested  were  much  too  wide  for  optimum  control  of  leading-edge  stall, and, 
in  most  cases,  too  wide  even  for  best  operation  upon  the  turbulent  layer. 

With  a  profile  of  this  thickness,  of  course,  any  leading-edge  suction  would 
be  expected  to  necessitate  large  Cg's  in  order  to  attain  appreciable  gains  in 
maximum  lift. 

Fig.  1448  demonstrates  the  effect  of  porous  extent  upon  a  thin,  th  in¬ 
airfoil  stalling  profile.  The  data  shown  here  is  for  the  tapered  permeability 
case  in  which  no  systematic  data  is  available  under  constant  permeability 
conditions.  Stall  here  was  of  the  pure  th  in-airfoil  type  throughout  the 
entire  lift  and  Cg  range  investigated.  Linear  extrapolation  maximum  lift 
coefficient  is  estimated  to  be  approximately  1.85  for  this  profile  at  test 
Reynolds  Number.  The  narrowest  porous  area,  O^c  -  .5^c  was  here  found  to 
be  optimum.  This,  recalling  the  failure  of  the  flow  to  separate  from  the 
tral I ing-edge  under  any  of  the  test  conditions,  serves  to  demonstrate  the 
need  for  a  very  narrow,  well  forward  porous  area  if  only  leading-edge 
separation  is  to  be  considered,  wider  areas  being  optimum  only  for  the  mixed 
or  tra  i  I  ing-edge  stall  cases.  It  is  interesting  that  the  porous  configuration 
which  wasteful ly  initiates  on  the  lower  surface  of  this  profile  has  better 
characteristics  than  those  which  initiate  even  as  far  forward  as  .1^  chord 
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on  the  upper  surface.  Here,  the  disadvantage  of  letting  the  bubble  get  a 
head  start  is  well  illustrated. 

Thwaites,  in  Ref.  Ill,  suggests  a  methc'^,  based  upon  theoretical 
considerations,  which  predicts  the  amount  of  area  suction  necessary  to 
overcome  leading-edge  separation  and  is  based  upon  the  extrapolated  pressure 
distributions  of  the  base  profile.  The  distance  over  which  suction  should  be 
appi ied  need  extend  only  to  the  chordwise  station  at  which  the  adverse 
velocity  gradient  corresponding  to  the  desired  lift  level  is  no  more  severe 
than  the  maximum  velocity  gradient  incurred  on  the  base  (no  suction)  profiie 
prior  to  stal i ,  This  anaiysis  is  in  agreement  with  the  rather  intuitive 
suggestions  made  at  the  beginning  of  this  section  and  seems  to  hoid  weil.  it 
has  been  observed,  however,  that  while  theory  shows  this  key  chordwise 
station  to  general iy  move  aft  as  lift  is  increased  beyond  base  profile 
maximum,  available  experimental  data  indicates  that  it  moves  forward. 

Fig.  I45A  attempts. to  demonstrate,  on  the  basis  of  the  two  profiles  for 
which  data  is  available  at  approximately  the  same  Reynolds  Number  and 
resistivity  index,  possible  effects  of  profile  thickness  upon  the  appearance 
of  the  vs  Cq  plot.  Unfortunately,  little  can  be  seen  here  as  neither 

configuration  has  what  would  appear  to  be  true  optimum  porous  extent.  Thus, 
although  it  seems  that  the  two  profiles  would  have  similar  initial  slopes,  it 
is  feared  that  this  is  merely  a  matter  of  coincidence  and  cannot  be  of  any 
value  as  an  aid  in  prediction.  Fig,  I45B  indicates  the  type  of  velocity 
distribution  which  might  be  expected  at  stall  under  relatively  high  Cq 
conditions  when  such  small  resistivity  is  utilized.  For  the  zero  resistivity, 
slot  case,  the  slopes  of  these  curves  would  be  expected  to  be  higher,  with  the 
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suction  velocity  at  the  leading-edge  lower  and  that  at  the  tra i  I ing-edge 
higher  than  with  the  configurations  shown  here. 

The  effect  upon  maximum  lift  characteristics  of  variations  in  resistivity 
for  the  constant  permeability  case  is  illustrated  in  Fig,  146.  Here  the 
effect  mentioned  in  the  preceding  paragraph  of  increasing  resistivity 
decreasing  the  value  of  the  suction  velocity  gradient  at  a  given  lift 
level  is  clearly  seen.  Fig.  1468  reveals  that  those  configurations  of 
greater  resistivity  require  less  suction  quantity  in  order  to  achieve  the 
lift  coefficient  for  which  the  suction  velocity  distributions  are  shown 
(  =  1.7).  Further,  indications  are  that  the  configurations  of  greater 

resistivity  will  show  greater  aerodynamic  efficiency  throughout  the  entire 
leading-edge  and  mixed  stall  range.  It  may  be,  however,  that  use  of 
porous  regions  with  small  resistivity  can  effect  greater  potential  lifts 
in  the  trai I ing-edge  stall  regime  due  to  the  comparatively  large  suction 
velocity  located  relatively  far  aft. 

Fig.  147  demonstrates  the  distributed  resistivity  arrangements  examined 
in  Refs.  118  and  119,  Fig.  I48A  demonstrates  the  effect  upon  produced 

by  the  application  of’tapered  permeability  to  a  0006  airfoil  which  displays 
th in-airfoil  stalling  characteristics.  The  data  shown  are  for  a  porous 
extent  ranging  from  the  leading-edge  to  l^c,  somewhat  greater  than  would  appear 
tc  be  optimum  from  a  AC^  j  point  of  view.  A  comparison  of  the 

velocity  distributions  is  shown  in  Fig.  I48B,'  The  linear  extrapolation 
maximum  lift  coefficient  (tra  i  I  ing-edge  stall)  for  this  profile  was  estimated 
to  be  1.85.  It  will  be  seen  that  in  the  range  of  these  tests  the  tapered 
permeability  permits  greater  efficiency.  There  are  no  data  available  to  prove 
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the  point,  but  it  would  be  expected  that  as  the  tra  i  I  ing-edge  stall  is 
approached  the  difference  between  the  two  arrangements  would  cease  to  exist. 
It  is  unlikely  that  the  constant  permeability  case,  displaying  the  higher 
suction  velocities  at  the  downstream  end  of  the  porous  region,  would  have  a 
discernibly  greater  effect  upon  tra i I ing-edge  stall  then  the  tapered  case 
for  so  forward  a  suction  location.  In  any  event,  with  such  a  small  extent 
of  porous  area  the  effect  on  tra  1 1  ing-edge  stall  would  not  be  expected  to 
be  great. 

The  effect  of  tapering  the  permeability  in  the  manner  illustrated  by 
Fig.  147  upon  the  maximum  lift  characteristics  of  the  10.51^  symmetrical 
profile  is  demonstrated  by  Fig.  I49A.  Fig.  I49B  illustrates  the  suction 
veTbcIty  profiles  obtained  with  these  distributions  for  stall  at  Ci  =  1.7. 
It  will  be  remembered  that  the  I  inear  extrapolation  method  indicated  that 
after  =  1.65  this  profile  could  be  expected  to  stall  in  a  very  nearly 

pure  trai  I ing-edge  manner.  As  can  be  seen  from  the  figure,  it  is  the  velocity 
at  the  downstream  end  of  the  porous  region  which  determines  the  lift  level 
above  this  lift  coefficient  and  as  would  be  expected,  it  is  the  resistivity 
arrangement  that  achieves  this  velocity  while  maintaining  a  lower  leading-edge 
flow  that  appears  most  efficient. 

Figs.  I50A  and  B  are  similar  plots  for  the  stepped  permeability 
arrangements  as  shown  in  Fig.  147.  The  conclusions  are  generally  the  same  as 
for  the  tapered  case  although  the  violent  discontinuities  produced  in  the 
suction  velocity  profiles  somewhat  obscure  the  results.  For  C|  y  1.65, 
i.e.  the  region  of  leading-edge  or  mixed  stall  distributions  achieving 
relatively  constant  velocity  profiles  are  most  efficient.  Above  this  lift 
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coefficient,  when  the  stall  becomes  predominantly  trai I  ing-edge  in  nature, 
the  arrangements  having  downstream  velocities  higher  than  the  average  suction 
velocity  display  markedly  improved  performance. 

Before  concluding  these  remarks  about  leading-edge  area  suction,  some 
mention  must  be  made  about  the  effect  of  variations  In  free  stream  velocity. 

A  change  in  free  stream  velocity  at  a  constant  value  of  suction  coefficient 
implies  a  similar  change  in  suction  velocity.  Depending  upon  the  material 
being  used  to  obtain  the  porous  area  this  may  produce  a  change  in  velocity 
distribution,  the  permeability  of  some  substances  not  being  linear  with  the 
pressure  differential  applied.  Experimental  evidence  would  seem  to  indicate 
that  this  is  a  small  effect  that  in  most  cases  can  be  ignored. 

A  far  more  influential  effect  of  change  in  free  stream  velocity  is  the 
resultant  effect  that  altering  the  Reynolds  Number  has  upon  the  stall 
characteristics  of  the  profile.  If  the  porous  region  is  located  in  the 
optimum  position  for  control  of  a  leading-edge  type  of  separation,  clearly  a 
change  in  Reynolds  Number  causing  the  stall  type  to  change  to  the  mixed 
variety  or  even  to  the  pure  tra i I  ing-edge  type,  will  greatly  reduce  if  not 
totally  obscure  the  effectiveness  of  the  system.  This  same  remark,  of 
course,  holds  for  tra  i  I  Ing-edge  separation  type  controls  when  a  reduction  in 
Reynolds  Number  changes  the  stall  to  the  leading-edge  type  separation. 

Moving  the  slot  location  aft  on  the  profile  would  appear  to  be  beneficial 
for  those  profiles  displaying  predominantly  trai I Ing-edge  type  separation. 

The  results  produced  by  such  slots  are  illustrated  by  Figs.  151  and  152. 
Unfortunately  although  the  slot  is  located  at  the  45^  chord  point  in  all  the 
cases  illustrated  different  slot  widths  have  been  utilized  so  direct 
comparison  may  be  somewhat  hazardous.  It  is  believed,  however,  that 
definite  trends  can  be  illustrated. 
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The  652-415  profile  displayed  a  mixed  variety  of  stall.  Mid-chord  suction 

produced  two  opposite  working  effects.  By  controlling  the  trai  I ing-edge 

separation,  it  produced  an  increase  of  circulation  and  hence  an  increase  in 

local  angle  of  attack  thereby  aggravating  the  leading-edge  separation.  The 

net  result  is  a  relatively  low  increasect  <^at  all  Reynolds  Numbers.  The 

rest  of  the  profiles  illustrated  in  Figs.  151  and  152  are  of  the  tra i I ing-edge 

stal I  ing  type  and  are  markedly  helped  by  the  appi  ication  of  mid-chord 

suction.  As  expected,  the  initial  application  of  suction  produces  large 

increments  in  The  rate  of  increase  in  Ci  with  Cn  decreases  as 

' max  I  max  v 

complete  control  of  tra i I ing-edge  separation  is  approached. 

It  appears  possible  for  profiles  with  large  leading-edge  radii  to 
approach  their  potential  lift  level  for  sufficiently  large  suction  quantities. 
At  such  quantities,  the  effect  of  suctic..,  although  still  largely  a  trail ing- 
edge  control  produces  appreciable  leading-edge  and  sink  effects.  Profiles 
with  sharper  leading-edges  will  not  achieve  these  lift  levels  being  limited 
by  the  advent  of  leading-edge  separation.  It  has  been  possible  to  estimate 
this  effect  with  fair  accuracy  by  use  of  the  linear  extrapolation  method. 

Figs.  153  and  154  present  a  summary  of  the  available  data.  The  slight 
effect  of  mid-chord  suction  upon  the  profiles  demonstrating  mixed  stall 
characteristics  is  markedly  shown  as  is  the  strong  effect  on  those  having 
tra  i  I  ing-edge  separations.  The  effect  of  Reynolds  Number  on  the  initial  lift 
increment  with  suction  is  also  demonstrated.  It  would  appear  that  at  a 
Reynolds  Number  of  IxlO^  the  thicker  profiles  experienced  some  premature 
separation.  At  6x10^  this  effect  vanished  and  a  fully  turbulent  boundary 
layer  developed  well  forward  of  the  slot.  Suction  thus  could  serve  from  its 
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initiation  to  thin  the  boundary  layer  in  order  to  overcome  tra  i  I ing-edge 
separation,  and  was  not  required  to  achieve  flow  attachment  first. 

Fig,  155  illustrates  the  effect  of  mid-chord  suction  as  a  function  of 
thickness  ratio  for  the  camber  profiles  examined.  The  close  adherence  of 
the  suction  lines  to  the  linear  extrapolation  leading-edge  separation  line 
is  evident.  Figs.  156  and  157  demonstrate  this  same  effect  by  comparing  the 
Cj^ax  obtainable  on  a  thin,  leading-edge  stalling  profile  as  a  function  of 
slot  location  and  suction  quantity. 

There  are  few  data  available  concerning  the  effect  of  combining  mid-chord 
and  leading-edge  suction.  What  few  there  are  bear  out  the  expected  result 
if  the  leading-edge  stall  is  avoided,  tra i I  ing-edge  separation  suppression 
increases  the  lift  level  appreciably.  The  results  of  very  limited  tests  on 
a  63|-0I2  profile  are  shown  in  Fig.  158.  In  these  tests  it  appears  that  the 
optimum  distribution  of  suction  quantity  between  the  slots  was  not  achieved. 
Fig.  159  summarizes  the  remaining  data  available  from  the  literature. 

In  order  to  utilize  a  powered  leading-edge  control  effectively  the 
designer  must  first  of  all  know  the  separation  type  to  be  expected  at  the 
Reynolds  Number  and  circulation  level  desired.  The  linear  extrapolation  type 
of  argument  based  on  the  known  characteristics  of  the  base  profile  forms  the 
basis  for  this  estimation.  If  leading-edge  stall  is  present,  care  should  be 
taken  to  place  the  slot  or  porous  region  in  the  most  nearly  optimum  position 
in  order  to  minimize  the  power  required.  If  trail ing-edge  stall  forms  the 
I imiting  case  the  designer  may  elect  to  employ  a  mid-chord  slot,  although  it 
is  probable  that  he  would  use  one  of  the  more  powerful  and  probably  simpler 
from  a  structual  point  of  view,  tra i I ing-edge  systems.  The  increment  in  lift 
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to  be  expected  from  the  appi icatlon  of  a  given  suction  quantity  Cq  can  only  be 
estimated  from  existing  test  results  of  similar  systems.  This  estimation 
can  only  be  intelligently  made  if  the  separation  conditions  being  overcome 
are  similar  in  the  two  cases. 

Having  now  studied  the  characteristics  of  suction  systems  in  some  detail, 
it  is  of  interest  to  examine  the  effect  of  blowing  as  a  turbulent  boundary 
layer  control.  As  has  previously  been  explained,  suction  appears  to  be  the 
most  efficient  method,  both  aerodynamical  I y  and  powerwise,  of  controlling 
the  boundary  layer.  Further,  it  offers  the  possibility  of  laminar  boundary 
layer  stabilization  and  resultant  drag  reduction.  However  the  relatively 
extensive  equipment  and  the  possible  requirement  of  auxiliary  power  as  well 
as  provisions  for  internal  low  pressure  ducts  severely  limit  its  use  on 
modern  high  density  aircraft. 

Blowing  systems  on  the  other  hand,  although  wasteful  of  power,  are 
simple,  compact  and  easy  to  apply.  Since  the  flow  issuing  from  the  blowing 
nozzle  is  decelerating,  the  pressure  gradient  the  flow  is  proceeding  against 
is  adverse  which  means  it  must  of  necessity  be  turbulent,  and  no  possibility 
of  laminar  boundary  layer  stabilization  exists.  Some  of  the  disadvantages 
of  blowing  arrangements  are  compensated  by  the  so  called  "jet  flap"  or  "chord 
extension"  effect  which  induces  additionai  lift  on  the  profile  as  well  as 
the  direct  Jet  momentum  components. 

It  must  be  pointed  out  again,  however,  that  both  of  these  effects 
depend  primarily  upon  the  residual  energy  remaining  in  the  blowing  jet  as 
it  leaves  the  tra i I ing-edge.  Since  locations  of  blowing  nozzles  forward  of 
the  trai I ing-edge  or  flap  hinge  are  required  if  the  system  is  to  have  an 
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appreciable  effect  upon  the  stall  characteristics  of  thin  profiles,  these 
compensating  factors  are  pretty  much  absent  and  the  decision  to  use  blowing 
rather  than  suction  must  be  based  solely  on  mechanical  complexity,  reliability 
and  weight. 

Studies  were  conducted  at  Princeton  on  both  leading  and  tra  i  I  ing-edge 
stalling  profiles  (Refs.  146,  147,  149  and  153).  Blowing  slots  under  the 
leading-edge,  just  aft  of  the  leading-edge  and  at  various  mid-chord  positions 
were  explored.  The  configurations  studied  are  shown  in  Fig.  160. 

The  initial  investigation  of  the  possibility  of  alleviating  leading-edge 
separation  by  blowing  was  conducted  in  the  smoke  tunnel.  The  NACA  64-006  airfoil 
was  selected  for  these  tests.  The  purpose  of  these  smoke  studies  was  the 
determination  of  the  optimum  position  of  the  blowing  slot.  A  solid  airfoil 
was  first  tested  in  order  to  study  the  nature  of  the  separation.  From  an 
examination  of  close-up  photographs  of  the  solid  section  model  it  became 
apparent  that  at  these  Reynolds  Numbers  the  leading-edge  separation  became 
quite  pronounced  even  at  low  angles  of  attack.  Noticeable  separation 
appeared  at  04  =4°  (Fig,  I6IA)  and  rapidly  increased  in  severity  up  to 
the  stall.  From  the  close-up  at  o4  =  6°  (Fig.  I6IB)  it  will  be  seen  that 
the  flow  started  to  separate  almost  directly  at  the  nose  of  the  profile, 
reached  a  maximum  separation  distance  at  approximately  1.5^  and  finally 
reattached  at  about  4^.  This  test  was  followed  by  a  series  of  studies  of 
profiles  equipped  with  slots  at  0,  1.5,  and  4)?  of  the  chord. 

Strong  blowing  from  a  slot  located  at  the  4^  chord  point  produced  a 
marked  change  in  the  flow  field  past  the  airfoil,  the  photographs  revealing 
the  tendency  of  the  streamlines  to  flow  toward'the  jet  and  the  considerably 
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thicker  turbulent  boundary  layer  caused  by  the  expansion  aft  of  the  jet 
no2zles.  It  must  be  noted  that  the  flow  still  separated  from  the  profile 
leading-edge  (Fig,  162).  Actually  even  though  it  had  rather  profound  effects 
upon  the  flow  field,  the  blowing  seemed  to  exert  only  a  very  slight  influence 
upon  the  location  of  the  separation  point  as  would  be  expected.  It  did,  of 
course,  exert  a  marked  influence  upon  the  extent  and  shape  of  the  separated 
region,  reattaching  the  flow  just  aft  of  the  blowing  slot. 

From  a  study  of  the  photographs  it  is  seen  that  the  model  with  the 
blowing  slot  located  at  1.5^  was  an  improvement  over  the  slot  (Fig.  163). 
The  flow  separated  above  an  angle  of  8°.  Here  again  it  left  the  airfoil  at 
the  leading-edge.  The  maximum  separation  distance  was,  of  course,  less  than 
with  the  location,  the  flow  reattaching  just  downstream  of  the  slot. 

With  the  blowing  slot  at  0$  (Fig.  164)  the  jet  blew  out  along  a  path 
perpendicular  to  the  chord  lines  of  the  section  even  though  it  was  initially 
directed  tangent  to  the  surface.  Later  tests,  although  not  defining  it  in 
detaii,  have  shown  that  there  is  a  relationship  between  jet  size,  velocity, 
pressure  and  the  curvature  of  the  surface  for  which  the  jet  will  stay  attached 
to  and  follow  the  surface  (Coanda  effect).  These  tests  were  made  well  beyond 
the  critical  values  and  attachment  was  impossible.  As  the  size  of  the  profile 
is  increased,  the  physical  dimensions  of  the  nose  increases  and  it  is 
possible  that  flow  attachment  could  be  achieved  in  full  scale  application. 

In  no  case  in  these  small  scale  laboratory  tests  was  it  possible  to  achieve 
attachment  to  high  speed  profiles  although  the  flow  could  be  guided  about  the 
leading-edges  of  thicker  profiles  with  ease. 

On  the  basis  of  these  prel iminary  smoke  studies,  a  model  employing  a 
blowing  slot  at  the  \  ,5%  chord  point  was  tested  in  the  wind  tunnel.  This 
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position  gave  the  smallest  leading-edge  separation  distance,  most  jet  induction 
effect  on  the  flow  pattern,  and  the  greatest  lift  increment  of  the  three 
positions  tested.  The  trend  seems  to  indicate  that  the  optimum  ioca+ion  is 
still  ahead  of  the  \ .5%  chord  point.  The  ideal  location  based  on  a  given 
jet  velocity,  but  not  necessarily  power  required,  would  be  to  have  the  blowing 
slot  as  close  to  the  leading-edge  as  possible  but  still  keep  the  jet  attached 
to  the  surface,  (Since  this  is  a  region  of  high  negative  pressure,  it  's 
possible  that  such  a  location  could  be  advantageous  power-wise  even  though  the 
duct  losses  caused  by  the  restricted  space  available  would  be  very  high). 

The  results  of  the  wind  tunnel  tests  are  shown  in  Fig.  165  from  which  it 
can  be  seen  that  there  is  an  increase  in  maximum  lift  coefficient  with 
increasing  jet  velocity  as  well  as  a  slight  increase  in  lift  curve  slope.  The 
I ift  curve  of  the  airfoil  with  no  blowing  is  shown  for  purposes  of  comparison. 
Even  though  the  curve  of  the  airfoil  with  no  blowing  was  not  carried  into  the 
region  of  stall,  it  is  apparent  that  the  appi ication  of  blowing  tends  to 
gradually  flatten  the  lift  curve  prior  to  stall.  From  the  smoke  tunnel 
tests  it  was  seen  that  the  stall  itself  remains  quite  abrupt  even  with 
blowing.  Linder  all  conditions  the  stall  was  very  violent.  Because  of  the 
danger  of  breaking  up  the  model  before  all  tests  were  completed,  it  was 
decided  not  to  try  to  obtain  data  past  the  stall. 

Fig.  I66A  demonstrates  the  effect  of  velocity  ratio  upon  the  I ift  of 
the  airfoil  section.  Generally  speaking,  increasing  the  velocity  ratio  will 
bring  continually  higher  stall  angles  and  rapidly  increasing  lift,  as  well  as 
producing  slightly  increased  lift  for  a  given  angle  of  attack  (an  increase 
arising  partly  from  the  lower  static  pressures  induced  by  the  jet  and 
partly  from  the  momentum  component).  The  only  exception  to  this  is  noted  at 
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high  angles  of  attack  and  for  velocity  ratios  of  under  3  where  the  lift  drops 
off  slightly  as  the  velocity  ratio  is  increased  from  zero.  This  is  due  to 
the  disruptive  effect  of  the  low  energy  air  issuing  from  the  slot  at  less  than 
the  local  velocity.  Above  a  velocity  ratio  of  3  the  induction  effect  upon 
the  free  stream  air  became  appreciable.  Since  the  wind  tunnel  equipment 
I imited  the  magnitude  of  the  velocity  ratio  obtainable,  further  smoke  tunnel 
studies  were  conducted  at  very  high  jet  velocities.  Fig.  167  shows  the 
strong  lift  increase  produced  by  a  velocity  ratio  of  12  as  well  as  the  effect 
of  slot  location. 

A  certain  insight  into  the  mechanism  of  the  blowing  jet  can  be  obtained 
by  studying  Figs.  168,  169,  and  170.  Fig.  168  shows  the  chordwise  pressure 
distribution  of  the  NACA  64-006  profile  modified  to  contain  a  blowing  slot 
at  the  1.5^  chord  point.  The  blowing  to  free  stream  velocity  ratio  is 
maintained  equal  to  zero  throughout  the  angle  of  attack  range  tested.  The 
formation  and  extent  of  the  leading-edge  bubble  is  clearly  visible  as  a 
relatively  constant  pressure  region  at  the  nose.  Also  noticeable  is  the  lack 
of  pressure  recovery  at  the  tra  i  I  ing-edge  indicating  a  tendency  of  the 
thickened  boundary  layer  to  separate. 

Fig.  169  is  a  similar  plot  for  a  velocity  ratio  of  5.2.  The  effect  of 

the  blowing  jet  on  the  leading-edge  is  clearly  visible.  It  is  interesting  to 

note  that  the  pressure  recovery  at  the  tra i I ing-edge  is  only  slightly 

( 

affected  even  at  this  relatively  high  velocity  ratio  indicating  that  most  of 
the  energy  of  the  jet  is  dissipated  before  the  trai I  ing-edge  is  reached.  At 
these  blowing  quantities  it  can  therefore  be  concluded  that  the  system  is  a 
leading-edge  control  that  affects  trai I ing-edge  stall  only  slightly.  Studies 
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have  shown  that  what  effect  there  is  arises  primarily  from  the  alteration  of 
the  boundary  layer  achieved  by  preventing  appreciable  leading-edge  separation. 
Fig,  170  is  a  plot  of  the  chordwise  pressure  distribution  at  ot  =7.1°  for 
velocity  ratios  up  to  5.1.  These  distributions  display  the  effectiveness  of 
blowing  in  surpressing  the  leading-edge  separation. 

As  the  angle  of  attack  is  still  further  increased,  leading-edge  separation 
occurs  ahead  of  the  jet,  but  is  reattached  until  final  stall  is  reached.  The 
smoke  tunnel  studies  indicate  that  in  the  region  of  blowing  velocities  below 
VR  ^  6,  a  mixed  leading  and  tra  1 1 ing-edge  separation  existed,  but  that  stall 
was  primarily  of  the  leading-edge  variety.  As  the  blowing  jet  was  increased 
in  strength,  however,  even  though  it  developed  increased  effectiveness  as  a 
tra i I ing-edge  separation, suppressor,  its  leading-edge  effectiveness  was  still  , 
greater  and  the  profile  after  going  through  a  mixed  stall  region  approached 
the  pure  trai I ing-edge  separation  case.  These  cases  could  not  be  approached 
in  the  wind  tunnel  owing  to  limited  blowing  capacity  and  stall  was  in  ail 
cases  of  a  violent  leading-edge  type. 

An  interesting  comparison  to  these  tests  is  afforded  by  the  explorations 
described  in  Refs.  146  and  147  where  leading-edge  blowing  was  applied  to  a 
relatively  thick  profile  having  a  moderately  large  leading-edge  radius.  The 
model  was  a  section  taken  from  a  Sikorsky  S-56  blade  which  had  a  slightly 
modified  NACA  0012  section.  Unfortunately  there  were  no  pressure 
distribution  data  taken  so  it  is  not  possible  to  directly  compare  the 
mechanisms  of  the  two  profiles. 

Owing  to  the  relatively  large  leading-edge  radius  it  was  possible  in  the 
case  of  the  0012  profile  to  place  the  blowing  slot  directly  at  the  leading-edge 
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and  in  some  cases  actually  slightly  under  it,  the  Coanda  Effect  being 
sufficient  to  maintain  the  blowing  jet  completely  attached  to  the  upper 
surface.  The  slot  configurations  are  demonstrated  in  Fig.  171. 

Fig.  172  shows  typical  lift  curves  obtained  from  these  tests.  Data 
points  are  not  shown  since  in  order  to  obtain  the  higher  values  of  blowing  to 
free  stream  velocity  ratios  the  tunnel  had  to  be  slowed  down  and  the  results 
presented  represent  an  attempt  to  correct  all  data  to  the  same  value  of 
Reynolds  Number.  One  will  immediately  note  how  much  more  effective  leading- 
edge  blowing  for  a  given  velocity  ratio  is  in  this  case  than  for  the  64-006 
profile.  The  momentum  coefficient  ‘Cp^  would  perhaps  be  a  better  quantity 
to  compare,  but  for  qualitative  purposes  j  will  do  since  the  two 
slots  were  not  of  excessively  different  sizes. 

The  explanation  for  the  improved  efficiency  of  the  blowing  Jet  is 
related  to  the  pressure  distribution  and  stall  characteristics  of  the  two 
profiles.  The  64-006  profile  displayed  leading-edge  separations  that 
eventually  produced  stall.  If  these  separations  were  surpressed  and  the 
theoretical  potential  flow  distribution  achieved,  a  very  steep  adverse  gradient 
appeared  Just  aft  of  the  leading-edge.  This  gradient  was  extremely 
destabilizing  for  any  Jet  moving  against  it,  with  the  result  that  the  blowing 
Jet  thickened,  rapidly  dissipating  most  of  its  energy  as  turbulence.  On  the 
other  hand,  the  0012  profile  at  these  Reynolds  Numbers,  stalls  in  a  mixed 
manner  with  the  tra i I ing-edge  separations  being  predominant.  If  this  stall 
is  surpressed  and  the  angle  of  attack  increased  still  further,  even  though 
the  leading-edge  gradient  is  such  that  it  tends  to  produce  leading-edge  stall, 
it  does  not  approach  the  sever ity'of  that  experienced  by  the  sharper  nosed 
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profile.  For  this  reason,  the  blowing  Jet  passing  over  the  upper  surface 
did  not  dissipate  its  energy  so  rapidly,  an  effect  visible  in  the  smoke  tunnel 
where  the  character  of  the  Jet  at  the  trail  ing-edge  could  be  clearly  seen. 

Fig.  173  demonstrates  the  variation  of  with  jet  velocity  ratio.  The 
increasing  slope  of  tne  lines  with  angle  of  attack  reflects  the  increased 
portion  of  arising  from  the  vertical  Jet  momentum  component  and  the  chord 

extension  effect.  There  is  unfortunately  insufficient  information  to  permit 
the  determination  of  the  stall  pattern.  Since  the  observation  was  made  that 
the  stall  was  in  every  case  violent,  it  would  appear  that  the  relatively 
gentle  pressure  gradients  permitted  the  Jet  to  remai-n  attached  with  sufficient 
energy  to  form  an  effective  trai I  ing-edge  separation  control  up  to  the  point 
where  the  Jet  separated,  probably  at  the  point  of  maximum  gradient  near  the 
nose. 

Ref.  149  contains  a  report  of  some  additional  tests  conducted  within  the 
Subsonic  Aerodynamics  Laboratory  on  the  stall  suppression  of  relatively 
thick  profiles  by  means  of  blowing  Jets.  In  this  case  the  profile  was  again 
the  0012,  but  for  some  of  the  tests  a  modified  nose  was  employed  to  avoid 
leading-edge  separations.  A  series  of  interchangeable  nozzles  made  it 
possible  to  test  nozzle  locations  at  the  .45,  .50  and  .55c  points.  The 
results  of  investigation  are  shown  in  Figs.  174  and  175. 

The  results  for  only  one  slot  location  have  been  reproduced  here  but 
they  serve  to  demonstrate  the  type  of  lift  increment  that  could  be  obtained. 

Fig.  174  shows  the  variation  of  with  Cq  for  constant  values  of  CX.  . 

Fig.  175  is  a  cross  plot  of  the  data  in  the  more  conventional  lift  curve  form. 
Two  things  will  be  noted  from  the  figure,  the  first  that  the  slope  of  the  lift 
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curve  varies  with  blowing  quantity  and  secondly  that  blowing  has  a  si ight 
effect  upon  the  stall  angle. 

The  increasing  slope  of  the  lift  curve,  is  as  in  the  case  of  the  nose 
blowing  system,  a  measure  of  the  circulation  control  produced  primarily  by 
the  chord  extension  effect  (as  shown  by  a  sample  calculation  in  Ref.  149 
where  it  is  demonstrated  that  under  the  conditions  o(  =  4°  and  Cq  =  .016  the 
expected  momentum  lift  component  would  be  .015  while  the  actual  change  was 
.23).  The  additional  factors  contributing  to  this  lift  increase  at  a  given 
angle  are,  of  course,  the  momentum  component  and  the  distributed  sink  effect 
produced  by  the  jet  passing  over  the  after  half  of  the  profile. 

Insufficient  data  were  recorded  to  accurately  determine  the  stall  type 
under  the  various  conditions  tested,  but  it  is  probable  that  it  was  of  the 
mixed  variety  with  the  presence  of  the  mid-chord  slot  causing  premature 
separations  to  occur  at  the  slot  lip.  Clearly  the  leading-edge  was  sensitive, 
the  application  of  tra i I ing-edge  control  failing  to  extend  the  lift  curve 
except  slightly  at  the  higher  quantities  where  the  Jet  induction  effect 
reattached  the  leading-edge  separation. 

Fig.  176  is  a  comparison  plot  of  the  I  ift  increments  obtained  at  the 
same  Cq  for  the  leading-edge  and  mid-chord  slots.  The  tremendous  advantage 
when  applied  to  this  airfoil  enjoyed  by  the  leading-edge  system  is  evident. 

It  is  surprising  that  the  slope  of  the  mid-chord  system  is  less  than  the 
leading-edge  system  as  one  would  expect  that  the  Jet  issuing  from  a  point 
down  to  the  trail  ing-edge  would  exert  the  stronger  chord  extension  effect. 

It  indeed  seems  to  produce  (presumably  largely  through  the  distributed  sink 
effect)  the  larger  lift  fTcrarait  at  the  low  angles  of  attack.  At  the  higher 
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angles  it  v/ould  appear  that  the  increased  flow  induction  produced  by  the 
longer  extent  of  the  leading-edge  jet  over-balances  the  strengtii  of  the  mid¬ 
chord  system. 

Unfortunately  not  nearly  enough  is  understood  about  the  phenomena  herein 
outlined  briefly  to  enable  the  development  of  performance  estimation 
techniques;  however,  certain  general  conclusions  can  be  drawn.  If  the  profile 
is  of  the  leading-edge  or  thin-airfoil  stalling  type,  the  pressure  gradients 
produced  are  extremely  disruptive  to  the  jet.  Whether  or  not  it  is  possible 
to  get  a  jet  far  enough  forward  in  such  a  profile  to  prevent  the  formation 
of  the  bubble  rather  than  merely  contain  it  is  open  to  conjecture.  On  mixed- 
stall  ing  or  trai I ing-edge  stalling  prof i les these  gradients  are  much  less 
disruptive  and  leading-edge  jets  produce  excellent  results.  Inany  case 
irrespective  of  the  stall  type  jet  nozzle  locations  at  other  than  the  leading- 
edge  seem  to  offer  I ittle  or  no  aerodynamic  advantages  and  should  be 
employed  only  where  necessary  owing  to  structual  limitations. 

Since  leading-edge  blowing  proved  to  be  such  a  disappointingly  inefficient 
method  of  overcoming  leading-edge  separations  on  sharp  nosed  profiles  owing  to 
the  disruptive  pressure  gradients,  an  attempt  was  made  to  alleviate  these 
gradients  by  incorporating  a  blowing  slot  with  an  adjustable  leading-edge  flap, 
the  jet  issuing  from  the  break  in  the  flap  as  indicated  in  Fig.  177.  Both 
smoke  tunnel  and  wind  tunnel  pressure  distribution  tests  were  conducted  with 
this  configuration  and  are  reported  in  detail  in  Ref.  159, 

The  general  results  obtained  can  best  be  visualized  by  examining  the 
smoke  tunnel  photographs  shown  in  Fig.  178.  The  profile  under  consideration 
is  a  NACA  64-’006  equipped  with  a  17.5^  leading-edge  flap  with  a  tangential 
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blowing  slot  located  at  the  break  of  the  flap.  Fig.  IVSA  shows  the  profile 

O 

with  zero  nose  deflection  at  its  angle  for  maximum  lift  c<  =  10.  When  the 
angle  of  attack  is  increased  to  12°  the  profile  stalls  abruptly  from  the 
leading-edge  as  demonstrated  by  Fig.  I78B.  Turning  blowing  on  reattaches  the 
flow  as  was  the  case  with  leading-edge  blowing  but  as  shown  in  Fig.  I78C, 
blowing  at  this  location  merely  contains  the  separation  bubble  and  is 
extremely  wasteful  of  effort. 

The  effect  of  nose  flap  deflection  and  blowing  at  the  break  of  the  flap 
are  demonstrated  in  Fig.  179.  Figs.  I79A  through  I79C  demonstrate  the  no 
blowing  case.  Figs.  I79D  through  I79F  the  effect  of  blowing.  The  quantity  of 
blowing  air  employed  in  this  case  was  high  and  resulted  in  considerable 
circulation  control  producing  a  separation  from  the  leading-edge  of  the  nose 
flap  which  for  these  tests  unfortunately  could  not  be  deflected  past  30°. 

The  true  efficiency  of  the  system  therefore  is  not  shown,  but  it  is  interesting 
that  complete  stall  did  not  occur  until  =  45°,  a  result  that  has  not  been 

obtained  with  any  other  blowing  system  even  under  the  high  flow  conditions 
herein  demonstrated. 

One  very  important  characteristic  of  the  system  is  its  ability  to  improve 
the  efficiency  of  a  trai I ing-edge  circulation  control  system.  This  is 
clearly  demonstrated  by  Fig.  180  which  shows  the  profile  equipped  with  a  30^ 
plain  flap  which  also  utilizes  tangential  blowing.  The  angle  of  attack  was 
maintained  at  20°  at  which  the  unpowered  profile  was  completely  stalled. 
Applying  blowing  (  =  .07)over  the  plain  flap  deflected  30°,  failed  to 

produce  any  appreciable  change  in  the  flow  picture,  the  blowing  jet  near  the 
tra i I ing-edge  being  unable  to  produce  reattachment.  A  similar  quantity  of 
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blowing  at  the  break  of  the  leading-edge  flap,  however,  caused  a  profound 
Change,  unstalling  the  profile  and  producing  a  large  increnent  in  lift 
even  though  a  leading-edge  bubble  existed.  Applying  blowing  over  the 
deflected  trai I ing-edge  flap  now  produced  the  expected  lift  increment. 

Further  insight  Into  the  functioning  of  this  system  is  given  by  a  study 
of  Figs.  181  through  187.  Fig.  181  shows  the  pressure  distribution  at 
several  angles  of  attack  of  a  NACA  65-006  profile  equipped  with  a  17  1/2? 
nose  flap  deflected  30O.  Figs.  182  is  a  similar  plot  for  a  nose  deflection 
of  45°.  These  plots  demonstrate  all  of  the  essential  characteristics  expected, 
tuft  studies  indicating  that  stall  was  initiating  fro.  the  flap  break. 

Figs.  183  and  184  are  similar  plots  with  blowing  applied  from  the  break 
of  the  flap.  Although  the  results  are  somewhat  confused  it  can  be  seen  that 
blowing  has  produced  a  considerable  change  in  the  pressure  distribution  over 
the  leading-edge  flap,  the  pressure  peaks  becoming  considerably  more  pronounced. 

To  define  the  effect  of  the  blowing.  Figs.  185  and  186  have  been  prepared. 
Fig.  185  shows  the  effect  of  blowing  at  a  low  angle  of  attack  (0°  =6°) 
and  a  nose  deflection  =  45°.  As  can  be  seen,  for  the  quantity  of 

blowing  applied,  there  is  essentially  no  effect  except  directly  in  the 
region  of  the  slot,  indicating  that  the  blowing  jet  lacks  sufficient  energy 
to  appreciably  affect  the  circulation  of  the  profile  other  than  by  flow 
attachment  (the  effect  of  the  strong  adverse  gradient).  Fig.  186 
demonstrates  the  some  effect  at  a  higher  angle  of  attack  (  i  =  20°).  Here 
it  will  be  seen  that  blowing  re-establishes  the  pressure  peak  at  the  flap 
break.  It  will  be  noted  that  once  this  peak  Is  re-estabi ishod  essentially 
doubling  the  amount  of  blowing  has  almost  no  noticeable  effect.  Fig.  187 
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summarizes  the  test  results. 

With  tho  flhp  brahk  cohtrollad  (in  this  case  ..th  hieing,  but  suction 
oould  as  roadllv  be  applied)  the  stall  heco.es  o.  the  trai . ing-edge  .arlety, 
the  tio.  near  .=«i.u»  I Ht  actually  separating  Just  do.nstrea.  c.  the  tlap 
hreak.  Further  iitt  increases  can  thus  he  expected  only  it  trai i Ing-edge 
controi  IS  resorted  to.  The  s.oke  tunnel  denonstrated  that  leading-edge  flap 

h.eak  hieing  could  be  applied  tor  th Is  purpose  „  the  Jet  strength  .as 

sutticlently  increased.  It  .ould  appear,  hcever,  that  although  the  hieing 

Jet  IS  located  at  a  region  of  lo.  pressure  and  hence  is  relatively  eft.cient 

,„antitv-.ls.  as  a  local  re-attach»ent  syste.,  very  large  Increases  in  quantity 

,py  a  factor  o,  at  least  10  based  on  s.oke  tunnel  studies)  .ould  be  required 

+hP  Pffect  of  the  gradient  aft  of  the  hinge-1  ine  before 
to  overcome  the  etteci  or  nie  y 

appreciable  trai I ing-edge  control  could  be  achieved. 

AS  in  the  case  of  .the  leading-edge  and  .id-chord  hlo.ing  syste.s,  there 
is  insufficient  data  available  for  prediction  purposes.  It  is  apparent  that 
the  droop  nose  is  effective  In  reducing  the  .agnitude  of  the  adverse 
pressure  gradient  against  .hich  the  Jet  .ust  nK,ve.  The  effectiveness  of 
hieing  at  the  hinge  line  .ould  thus  he  expected  to  be  greater  than  leading- 
edge  blo.ing  as  is  observed  experimentai ly.  The  .ore  the  .agnitude  of  the 

the  expected  effectiveness  of  a  given  hieing  quantity,  if  it  is  possihie  to 
produce  severai  such  breaks  in  the  contour  of  the  upper  surface,  effect iveness 
approaching  that  of  ieading-edge  blo.ing  on  .  thick  profile  .ight  he 

approached. 
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IREE -DIMENSIONAL  LIFTING  CHARACTERISTICS  OF 
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4. I  Flow  Mechanisms  of  Finite  Wings 
4.1a  Three-Dimensional  F low  Phenomena 

The  low  speed  aerodynamics  of  wings  designed  for  high  speed 
flight  have  long  presented  a  perplexing  dilemma  for  the  aerodynamic i st.  As 
one  yields  to  the  aerodynamic  and  structural  requirements  of  very  high  speed 
flight,  the  low  speed  performance  suffers  accordingly  with  the  result  that 
landing  speeds  have  become  increasingly  prohibitive  in  recent  years.  Before 
one  can  even  begin  to  cope  with  this  problem,  a  fundem'ental  understanding  of 
the  flow  mechanisms  involved  is  essential,  and  it  is  with  this  subject  that 
this  section  will  be  concerned. 

.  Because  viscous  phenomena  become  so  prominent  on  swept  and/or  low  aspect 
ratio  wings,  a  mathematical  treatment  is,  at  the  present  state  of  the  art, 
decidedly  inadequate.  Lifting  surface  theory  can  predict  the  span  loading 
characteristics  over  the  linear  lift  range  fairly  accurately  but  this  range 
is,  unfortunately,  small  for  most  wings.  Hence,  one  must  rely  mainly  on  a 
qualitative  description  of  the  three-dimensional  flow  phenomena,  and,  when 
possible,  empirical  generalizations  which  can  be  correlated  from  existing 
I  iterature. 

The  flow  mechanisms  acting  on  a  swept  wing  can  be  classified  into 
several  major  effects  which  are:  the  spanwise  drift  of  the  boundary  layer, 
the  formation  and  growth  of  a  leading-edge  vortex,,  the  characteristic  induced 
angle  of  attack  distribution,  and  the  induced  camber  effect.  When  one 
considers  the  relationship  and  inter-related  effects  of  these  various 
phenomena  acting  on  any  given  wing,  it  becomes  immediately  apparent  that  the 
resultant  problem  is  quite  complex  even  from  a  qualitative  viewpoint.  The 
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most  prominant  as  well  as  least  understood  of  these  mechanisms  seems  to  be 
the  formation,  location,  and  influence  of  the  leading-edge  vortex.  Because 
this  vortex  may  under  certain  conditions  improve  the  wing's  lifting 
characteristics  and  create  a  stable  pitching  moment  while,  under  other  loading 
conditions,  separate  portions  of  the  wing  and  create  severe  pitching-up 
moments,  a  knowledge  of  its  formation  and  control  would  be  invaluable. 
Unfortunately,  at  the  time  of  the  writing  of  this  report,  existing  literature 
provides  only  a  cursory  description  of  this  flow  phenomenon,  leaving  a  most 
profitable  field  of  research  practically  untouched. 

It  has  been  observed  that  if  a  bound  flow,  such  as  that  in  a  channel, 
is  subjected  to  a  uniform  flow  perpendicular  to  its  direction,  the  bound  flow 
will  roll  up  into  a  vortex.  Precisely  why  this  should  happen  is  not  at  all 
evident,  but  it  does  nevertheless  provide  a  clue  to  the  presence  of  the 
leading-edge  vortex  observed  on  many  swept-back  wings.  In  two-dimensional 
flow,  it  is  well  estabi ished  that  certa  in  th  in  a irfo  i  I s  exh ib  it  a  I arge 
bounded  leading-edge  separation  bubble.  One  would  naturally  suppose  that  a 
leading-edge  vortex  would  form  when  these  sections  are  incorporated  into  a 
swept-back  wing  and  subjected  to  the  spanwise  pressure  gradient  that  arises 
from  sweep-back.  However  this  statement  assumes  more  the  dimensions  of  an 
intuitive  feeling  than  a  satisfactory  factuai  explanation,  and  certainly 
leaves  much  to  be  desired.  What  is  even  more  perplexing  is  that  the  vortex 
can  form  on  swept  wings  which  are  not  constructed  of  those  sections  which 
exhibit  the  laige  separation  bubble. 

The  leading-edge  vortex  can  be  characterized  as  conical  in  cross  section 
with  the  diameter  of  the  cone  increasing  toward  the  wing  tip  due  to  the 
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accumulation  of  flow  in  the  spanwise  direction.  Generally,  the  axis  of  the 
cone  will  lie  somewhere  in  the  vicinity  of  the  wing  leading-edge  although 
It  may  either  join  the  wing  vortex  system  or  be  shed  somewhere  inboard  of  the 
tip  depending  upon  the  wings  geometric  parameters  and  aerodynamic  loading. 

The  spanwise  drift  of  the  boundary  layer  can  easily  be  explained  by  first 
considering  a\  swept  wing  of  infinite  aspect  ratio.  Here,  the  respective 
chordwise  pressure  distributions  are  staggered  so  that  on  any  line  perpendicular 
to  the  flow  direction,  there  exists  a  span  wise  pressure  gradient  tending  to 
transport  mass  along  the  wing  in  the  direction  of  sweep.  At  any  given  lift 
coefficient,  the  degree  to  which  this  outflow  is  established  depends  primarily 
on  the  sweep  angle  involved  (Ref.  309).  For  a  finite  wing,  the  spanwise  flow 
of  the  boundary  layer  results  in  several  important  effects;  first,  because  of 
the  absence  of  boundary  layer  on  the  inboard  sections  of  the  wing,  stall  is 
effectively  delayed,  and  the  sections  there  can  obtain  values  of  lift 
coefficient  far  in  excess  of  their  two-dimensional  capabilities,  and  second^ 
because  the  pressure  gradient  vanishes  in  the  vicinity  of  the  wing  tip,  the 
accumulation  of  boundary  layer  from  the  inboard  sections  of  the  wing  tends  to 
separate  the  tip  sections  more  easily  than  the  corresponding  sections  with 
normal  boundary  layer  thicknesses. 

It  is  well  known  that  sweep  changes  the  spanwise  distribution  of  induced 
angle  of  attack,  causing  the  load  on  a  wing  of  given  aspect  ratio  and  taper 
ratio  to  be  concentrated  farther  outboard  for  increasing  angle  of  sweep. 

Also  because  the  minimum  induced  angle  of  attack  occurs  somewhere  inboard  of 
the  tips,  i.e.jthe  effective  angle  of  attack  becomes  a  maximum,  this  is  the 
most  likely  location  for  the  formation  of  the  leading-edge  vortex,  particularly 
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for  wings  made  of  those  airfoils  which  exhibit  thin  airfoil  type  stall. 

For  swept  and  unswept  wings,  the  induced  camber  is  positive  at  the  root 
and  negative  at  the  tip  (Ref.  509).  As  the  induced  camber  becomes  nvare 
positive,  the  center  of  pressure  at  any  given  spanwise  station,  moves  aft,  but 
no  simple  relation  expressing  this  variation  is  known.  The  negative  induced 
camber  at  the  tip  produces  an  adverse  pressure  gradient  tending  to  promote 
tip  separation,  while  the  positive  induced  camber  on  the  inboard  sections 
hinders  flow  separation. 

The  influence  of  aspect  ratio  does  not  become  predominant  before  the 
wing  tip  edges  parallel  to  the  free  stream  approach  the  dimensions  of  those 
edges  perpendicular  to  this  direction  (Ref.  285).  For  these  very  small 
aspect  ratios,  the  tip  vortices  moves  in  over  the  top  surface  of  the  wing  and 
induce  suction  forces  strong  enough  to  alter  the  lift  distribution  of  the 
wing.  This  effect  is  somewhat  analogous  to  the  leading-edge  vortex  effect 
over  a  swept  or  delta  wing  as  the  vortex  breaks  away  from  the  leading-edge 
before  joining  the  trailing  vortex. 

In  Ref.  309,  Furlong  and  McHugh  attribute  the  formation  of  a  leading-edge 
vortex  on  those  wings  not  made  of  sections  which  exhibit  thin  airfoil 
character  ist  ics,  to  the  induced  camber  effect,  saying  that  if  this  effect 
is  great  enough,  a  section  which  in  two-dimensional  flow  exhibits  trail ing- 
edge  stall,  will  stall  from  the  leading-edge.  Although  this  explanation 
seems  quite  plausible,  it  leaves  much  open  to  question.  Even  though  no 
distinction  is  made  between  Si rfoi I s  which  stall  from  the  leading-edge,  i.e. 
leading-edge  stall  type  or  thin  airfoil  stall  type,  the  implication  is  that 
a  leading-edge  bubble,  characteristic  of  airfoils  exhibiting  leading-edge 
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stall,  is  sufficient  to  start  a  leading-edge  vortex.  Further,  this 
implication  is  explicitly  stated  by  H.  0,  Palme  in  Ref.  285;  Palme  states 
that  the  leading-edge  vortex  can  form  on  wings  with  large  sweep  which  are 
composed  of  airfoil  sections  exhibiting  either  thin  airfoil  or  leading-edge 
stall.  Although  what  follows  has  no  experimental  verification,  it  would 
seem  reasonable  that  a  largo  leading-edge  separation  bubble,  characteristic 
of  a  two-dimensional  thin  airfoil  stall,  is  needed  for  the  formation  of  a 
leading-edge  vortex.  It  Is  well  known  that  the  existence  of  the  leading-edge 
vortex  Is  much  easier  to  predict,  and  takes  place  at  relatively  lower  angles 
of  sweep  on  wings  which  have  sharp  leading-edges,  i.e,,  the  sections  have 
large  leading-edge  bubbles.  Also,  it  is  generally  recognized  that  in  two- 
dimensional  flow,  the  stall  type  of  an  airfoil  can  be  changed  by  adding 
circulation  control  and/or  boundary  layer  control.  For  example,  an  airfoil 
which  normally  stalls  from  the  trai I  ing-edge  can  be  made  to  stall  from  the 
leading-edge  with  the  addition  of  a  flap.  Effectively,  circulation  control 
involves  shifting  the  center  of  pressure  aft  on  the  airfoil,  and  boundary 
layer  control  prevents  flow  separation  on  the  surface  of  the  airfoil. 

Then,  if  an  airfoil  section  which  does  not  exhibit  a  thin  airfoil  type 
stall  is  incorporated  into  a  wing  with  a  sufficient  amount  of  sweep,  the 
combined  effects  of  the  spanwise  boundary  layer  drift  and  induced  camber  will 
precipitate  a  thin  airfoil  type  leading-edge  bubble  on  the  inboard  sections. 
The  induced  camber  on  these  sections  will  shift  the  center  of  pressure  aft 
while  the  drainage  of  boundary  layer  air  will  tend  to  prevent  flow  separation. 
It  must  be  emphasized  that  this  explanation  is  of  a  speculative  nature,  and 
is  based  solely  on  trends  observed  in  current  aeronautical  literature. 
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When  the  cumulative  effects  of  the  various  flow  mechanisms  operating 
on  a  swept  wing  are  considered,  one  can  draw  several  general  conclusions.  The 
inboard  sections  are  extremely  resistant  to  flow  separation,  and  can  obtain 
lift  coefficients  in  excess  of  their  two-dimensional  capabilities  because 
the  boundary  layer  drift  operates  as  a  trai I ing-edge  control  to  prevent  flow 
separation,  and  the  induced  camber  effect  results  in  a  rearward  shift  of  the 
pressure  distribution  which  creates  a  more  favorable  pressure  gradient.  Further, 
because  of  the  characteristic  Induced  angle  of  attack  distribution  operating 
along  with  the  above  conditions,  the  root  sections  may  obtain  exceedingly  high 
angies  of  attack  before  stalling  which  contributes  to  the  severe  pitch-up 
tendency  observed  on  many  swept  wings.  On  the  other  hand,  the  outboard 
sections  are  vulnerable  to  separation  because  of  the  combined  influence  of  the 
Induced  camber  effect,  the  characteristic  induced  angle  of  attack  distribution, 
and  the  accumulation  of  spanwise  boundary  layer  flow.  Although  premature  tip 
separation  has  frequently  been  attributed  mainly  to  excessive  boundary  layer 
growth  recent  experimental  evidence  seems  to  indicate  that  these  sections 
.may  actually  obtain  their  theoretical  two-dimensional  capabilities,  i.e. 
according  to  simple  sweep  theory  (cos^  y\.  law).  This  would  seem  to  indicate 
that  the  span  loading  characteristics  resulting  from  the  typical  induced  angle 
of  attack  distribution  are  the  more  important  factor  influencing  premature 
separation  than  the  generally  accepted  excessive  boundary  layer  explanation. 

4,  lb  Stal I  Types 

From  Ref.  258,  the  basic  types  of  stall  for  finite  wings  may 
be  classified  as  follows: 

I.  Two-Dimensional  Stall 
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n.  Swept  Wing  Stal  I 

na.  Trail  ing-Edge  Separation 

nb.  Leading-Edge  Separation 
III.  Low  Aspect  Ratio  Wing  Stall 

TTTa.  Delta  Wing 

Ulb.  Straight  Wing 

Being  essentially  a  viscous  phenomenan,  the  stall  of  a  finite  wing  is  a 
function  of  all  the  viscous  effects  observed  in  two  and  three-dimensional  flow 
plus  the  effects  of  section  and  plan-form  parameters.  Stall  prediction  for 
Type  I  has  been  fairly  successful  (Ref.  255)  because  the  stall  pattern  is 
mainly  two-dimensional^  and  the  point  of  initial  stall  can  be  calculated  from’ 
a  consideration  of  section  stall  and  plan-form  parameters.  From  the  discussion 
of  the  preceding  section,  one  can  surmise  that,  at  the  present  state  of  the 
art,  the  three-dimensional  viscous  flow  mechanisms  of  swept  and/or  low  aspect 
ratio  wings  render  any  analytical  attempt  at  stall  prediction  quite  useless. 

In  Ref.  281,  an  attempt  was  made  on  the  basis  of  conventional  unswept  wing 
theory  combined  with  simple  sweep  theory  to  predict  the  point  of  initial 
separation  on  a  moderately  swept  wing  which  illustrated  that  mathematical 
methods  were  decidedly  inadequate. 

Stall  types  Ha  and  Ub,  trail ing-edge  and  leading-edge  separation  on 
swept  wings,  differentiate  between  the  predominant  effects  of  the  spanwise 
boundary  layer  drift  and  leading-edge  vortex  flow.  For  stall  Type  Ha,  the 
separation  initiates  on  the  tip  trai I  ing-edges,  moving  inboard  and  advancing 
forward  on  the  chord  with  increasing  angle  of  attack.  Characteristic  of 
moderately  swept  wings  composed  of  fairly  thick  sections,  this  type  of  stall 
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is  mainly  dependent  upon  the  spanwise  boundary  layer  drift  and  induced  angle 
of  attack  distribution.  As  mentioned  at  the  end  of  the  preceding  section, 
recent  investigations  seem  to  indicate  that  the  span  loading  characteristics 
may  be  the  more  important  factor  determining  tip  separation  than  the 
accumulation  of  spanwise  boundary  layer  flow.  Thus  it  would  seem  that  the 
tip  sections  of  such  a  wing  do  stall  prematurely  due  to  the  span  loading 
characteristics,  but  that  the  lift  coefficient  obtained  is  roughly  commensurate 
with  that  which  would  be  expected  from  simple  sweep  theory.  Because  of  the 
absence  of  boundary  layer  on  the  inboard  sections,  however,  these  sections  can 
still  obtain  lift  coefficients  far  in  excess  of  what  would  be  expected  two- 
dimensional  ly  which  indicates  that  the  boundary  layer  drift  remains  quite 
influential . 

Stall  Type  Hb  is  characteristic  of  moderate  to  high  sweep  angles  and 
thin  wing  sections.  After  the  formation  of  the  leading-edge  vortex,  the 
outboard  wing  sections  experience  a  1 ifting  force  created  by  the  low  pressure 
region  of  the  vortex,  and  as  mentioned  in  the  preceding  section,  the  center  of 
pressure  on  sections  affected  by  the  vortex  shifts  aft.  As  the  angle  of 
attack  is  increased,  the  vortex  grows  in  strength  and  eventually  becomes  so 
large  and  unwieldly  that  it  partially  diffuses  and  sheds  from  the  wing  with 
the  result  that  the  tip  sections  are  left  in  a  region  of  diffused  vortex  flow. 
While  the  outboard  sections  are  partially  stalled,  the  root  sections  are 
obtaining  exceedingly  high  lift  coefficients  due.  to  the  drainage  of  boundary 
layer  air  which  results  in  the  severe  pitch-up  tendency  observed  on  many 
swept-back  wings. 
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The  stability  of  swept  wings  appears  to  be  a  function  of  three 
parameters;  sweep  angle,  aspect  ratio,  and  taper  ratio.  It  is  interesting  to 
note  that  an  unbalance  of  moment  areas  is  the  more  important  factor  with 
regard  to  stab i I ity  than  the  occurrence  and  severity  of  tip  stall  (Ref.  309). 
From  an  emperical  investigation,  a  stability  boundary  was  determined  which 
worked  well  for  wings  having  a  taper  ratio  of  approximately  one  (Fig.  188); 
it  was  found,  however,  that  a  correction  was  needed  for  delta  wings  where 
the  taper  ratio  is  zero.  By  taking  the  ratio  of  the  area  aft  of  the  quarter 
chord  line  to  the  total  area,  it  was  found  that  a  value  of  .69  agreed  well 
with  the  stab i I ity  boundary  for  taper  ratios  of  one,  and  also  gave  good 
results  for  taper  ratios  of  zero  (Fig.  189).  Because  the  tip  sections  of 
highly  tapered  wings  operate  at  higher  values  of  lift  coefficient  relative 
to  the  root  sections  than  those  on  untapered  wings,  tip  separation  occurs 
ear  I  ier.  It  will  be  observed  that  the  boundary  for  zero  taper  shifts  to  the 
right,  wheras  if  tip  stall  were  of  primary  concern,  it  would  be  expected  to 
sh  iff  to  the  left. 

The  type  of  swept-wing  separation  seems  to  depend  primarily  oh  angle  of 
sweep-back  and  the  section  leading-edge  radius,  assuming  the  Reynolds  Number 
to  be  held  constant;  Fig.  190,  represents  the  predominant  tendencies’  of 
swept  wing  separation  at  a  Reynolds  Number  of  approximately  6  mil  l  ion.  For 
unstable  wings,  several  interesting  trends  in  the  variation  of  pitching 
moment  coefficient  with  lift  coefficient  can  be  observed.  With  increasing 
lift  coefficient,  the  pitching  moment  coefficient  for  Wings  'with  trai I ing-edge 
separation  grows  progressively  more  positive,  usually  quite  smdd'fhiy  as  more 
and  more  separation  takes  place.  A  sirtii  iar,  s impie  relat  idnsh  ip’ for  leading- 
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edge  separation  is  not  evident  because,  except  for  wings  with  very  small 
leading-edge  radii,  it  is  almost  always  accompanied  by  some  degree  of 
tra 1 1 ing-edge  separation.  As  the  leading-edge  vortex  grows,  it  will  produce 
a  negative  pitching  moment  because  of  the  redistribution  of  chordwise  loading 
on  the  outboard  sections.  This  effect  may  be  completely  nullified,  however, 
by  the  loss  in  lift  due  to  tra  i  I  ing-edge  separation,  joepending  upon  ttie 
predominant  influence  acting  upon  the  tips,  the  pitching  moment  coefficient 
may  go  either  positive  or  negative  at  low  lift  coef  f  ic|  ients.  However,  the 
distinctive  characteristic  of  unstable  leading-edge  separation  is  the  severe 
pitch-up  tendency  when  the  vortex  moves  inboard,  and  leaves  the  tips  in  a 
region  of  diffused  vortex  flow.  The  partial  stalling  of  the  tips  combined 
with  the  high  lift  coefficients  obtainable  by  the  root  sections  give  a 
powerful  unstable  moment  which  can  usually  be  recognized  quite  easily. 

Stall  Type  U.l.a,  delta  wing  stall,  is  mainly  an  extreme  varient  of 
leading-edge  separation  on  swept-back  wings.  At  low  angles  of  attack,  the 
leading-edge  vortex  moves  in  over  tbe  wing,  just  inboard  of  the  tips,  where 
it  provides  additional  l  ifting  forces  and  stable  pitcfjing  moments.  As  the 
angle  of  attack  increases,  the  vortex  moves  well  inboard,  partially  separating 
from  the  surface,  and  leaves  the  outboard  sections  in  a  region  of  diffused 
vortex  flow.  Consequently,  the  wing  loses  lift  and  a  destablizing  moment 
develops.  Thin  profiles  produce  stronger  vorticies  and  larger  lift 
Increases,  but  tip  stall  also  happens  earlier. 

Stall  Type  mb,  small  aspect  ratio,  straight  wing  stall,  usually  concerns 
wings  of  large  taper  ratio.  The  section  shape  seems  to  have  little  influence, 
but  the  wing  tips  are  a  critical  point.  Along  the  tips  is  created  a  strong 
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trailing  vortex  which  induces  high  suction  forces  in  the  vicinity  of  the 
top  trai I ing-edges.  Consequently,  an  additional  lift  force  is  created 
which  produces  a  stable  moment.  At  larger  angles  of  attack,  the  vortex 
separates  from  the  surface,  and  complete  wing  stall  is  obtained  at  once 
(Ref.  285).  The  stall  pattern  Is  then  similar  to  that  of  a  flat  plate;  the 
lift  is  reduced  and  the  pitching  moment  is  stable. 

The  concept  of  stall  for  wings  exhibiting  pronounced  three-dimensional 
viscous  effects  is  somewhat  ambiguous,  and  it  is  advisable  to  clarify  this 
term  before  proceeding  with  a  discussion  of  finite  wing  lift.  On  conventional 
high  aspect  ratio,  straight  wings,  stall  is  usually  identified  with  wing 
separation  and  a  consequent  loss  in  lift.  The  point  of  initial  separation 
occurs  when  the  section  at  some  spanwise  location  exceeds  its  maximum  lift 
coefficient,  and  from  this  point,  the  separation  usually  grows  rapidly  and 
results  in  a  complete  deterioration  of  lift  on  the  entire  wing.  Because  of 
the  effects  of  finite  span,  i.e.  variable  induced  angle  of  attack  distribution, 
the  maximum  lift  coefficient  of  the  wing  is  usually  less  than  the  maximum 
lift  coefficient  of  the  sections  of  which  it  is  made  (for  an  elliptical  load 
distribution,  both  would  be  the  same,  but  this  is  seldom  realized).  For 
swept  and/or  low  aspect  ratio  wings,  however,  separation  may  occur  at  some 
spanwise  station  below  the  section  maximum  lift  coefficient,  and  invariably 
well  below  the  wing  maximum  lift  coefficient.  Usually  when  separation  does 
occur  on  such  a  wing,  either  a  pronounced  stable  or  unstable  trend  of  the 
moment  coefficient  is  observed  which  defines  the  usable  or  available  lift 
coefficient.  Thus,  the  maximum  lift  coefficient  of  a  swept  wing  can  seldom 
be  real ized. 


CONFIDENTIAL 


CONFIDENTIAL 

-282- 


4.2  Effect  of  Wing  and  Section  Parameters  on  Lift 
4.2a  General  Discussion 

From  analytical  results  and  statistical  computations,  basic 
trends  of  the  various  wing  parameters  on  the  lifting  characteristics  of 
finite  wings  can  be  established.  An  attempt  will  be  made  in  this  section  to 
summarize  the  more  important  results  found  in  existing  I  iterature,  and  to 
present  these  in  an  orderly  form.  It  is  not  recommended  that  these  curves 
be  used  for  design  purposes,  for  they  will  be  presented  mainly  to  show  trends 
and,  in  most  cases,  a  complete  specification  of  all  the  wing  parameters  and 
test  conditions  will  not  be  explicitly  stated.  Every  effort  has  been  made, 
however,  to  correlate  only  those  tests  made  under  approximately  the  same 
conditions  on  any  one  curve.  Also,  this  section  will  deal  entirely  with  plain 
wings.  High  lift  devices  will  be  considered  in  the  next  section. 

The  discussion  that  follows  will  primarily  be  concerned  with  the  effects 
on  the  I  ift ing  capab i I  it ies  of  finite  wings  of ; 

a)  Aspect  Ratio 

b)  Sweep-back  Angle 

c)  Taper  Ratio 

d)  Aerodynamic  and/or  Geometric  Twist 

e)  Section  Camber 

f)  Section  Thickness  and/or  Leading-edge  Radius 

g)  Reynolds  Number 

It  should  be  pointed  out  that  the  maximum  I ift  coefficient  for  wings  with 
strong  three-dimensional  flow  phenomena  is  quite  often  not  a  true  indication 
of  the  wings  lifting  capabilities.  Because  such  a  wing  may  demonstrate'  an 
increase  in  lift  even  after  portions  of  the  wing  have  stalled,  it  is  desirable 
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to  introduce  the  concept  of  "inflection"  or  "usable"  lift  coefficient.  These 
terms  are  commonly  used  to  define  the  lift  coefficient  of  a  swept  wing  at 
which  large  undesirable  shifts  in  the  aerodynamic  center  occur;  because  the 
inflection  lift  coefficient  represents  the  usable  amount  of  lift,  it  is  of 
more  importance  to  the  design  engineer  than  the  maximum  lift  coefficient. 
Further,  to  illustrate  the  effects  of  cambered  sections  and/or  twisted  wings, 
the  ratio  of  inflection  lift  coefficient  and  maximum  lift  coefficient  is  a 
useful  parameter. 

4.2b  Aspect  Ratio 

The  influence  of  aspect  ratio  on  maximum  I ift  for  three  basic 
plan-forms  is  shown  schematically  in  Fig.  191,  part  of  which  was  taken  from 
Ref.  285.  Accompanying  these  curves  are  the  angle  of  attack  distributions 
at  which  these  maximum  lift  coefficients  were  obtained.  It  must  be 
emphasized  that  the  curves  shown  Indicate  trends  only,  for  the  degree  of  sweep, 
section  type  and  thickness,  Reynolds  Number,  and  various  ojher  parameters  must 
be  considered  for  any  given  wing. 

Because  of  the  influence  and  strength  of  the  three-dimensional  viscous 
effects,  all  three  plan-forms  exhibit  high  maximum  lift  coefficients  in  the 
very  low  aspect  ratio  range.  For  straight  wings  the  powerful  tip  vortex 
creates  additional  lift  forces  which  seem  to  have  their  maximum  strength  for 
an  aspect  ratio  of  approximately  one.  As  the  aspect  ratio  increases,  the  tip 
vortex  becomes  less  influential  and  Ci  decreases  until  an  aspect  ratio  of 
about  three  is  reached;  with  further  increase  in  aspect  ratio,  the  wing  loading 
becomes  more  elliptical,  and  shows  a  general  increase  as  the  wing 

maximum  lift  coefficient  approaches  the  section  maximum  lift  coefficient. 
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Tho  delta  wing  reaches  its  maximum  lift  coefficient  at  an  aspect  ratio 
of  about  two,  where  the  lifting  force  due  to  the  leading-edge  vortex  seems 
to  be  the  strongest.  For  larger  aspect  ratios,  the  angle  of  sweep,  and 
hence  the  strength  of  the  leading-edge  vortex,  would  decrease;  also,  if  the 
vortex  attains  sufficient  strength  to  move  inboard  for  a  wing  of  larger  aspect 
ratio,  a  greater  portion  of  the  wing  tip  will  lie  in  a  region  of  diffused 
vortex  flow,  and  hence  the  effectiveness  of  the  vortex  in  creating  lift  is 
counteracted  by  the  partially  stalled  tips.  Therefore  for  aspect  ratios 
larger  than  2.5,  the  maximum  lift  potential  of  a  delta  wing  falls  off  quickly. 

It  is  interesting  to  note  that  the  trend  of  maximum  I ift  coef f ic ient  with 
increasing  aspect  ratio  for  swept  wings  is  opposite  to  that  displayed  by 
straight  wings,  i.e,  as  the  aspect  ratio  increases  for  swept  wings,  the 
maximum  lift  coefficient  decreases.  It  has  been  suggested  that  the  flow 
becomes  increasingly  two-dimensional  as  the  aspect  ratio  increases,  and  that 
the  maximum  wing  lift  coefficient  approaches  that  which  would  be  expected 
from  simple  sweep  theory.  As  can  be  observed  from  Fig.  192,  the  maximum 
I ift  coefficient  of  a  swept  wing  is  always  greater  than  that  which  would  be 
expected  from  simple  sweep  theory  (cos  .A.  law)  because  of  the  various  flow 
phenomena  which  have  already  been  described  in  section  4.1b.  When  one 
considers  the  curves  of  the  ratio  of  inflection  lift  coefficient  to  maximum 
lift  coefficient  versus  sweep  angle  for  various  aspect  ratios  (Fig.  193),  this 
simple  explanation  no  longer  seems  adequate.  For  a  given  sweep  angle,  the 
ratio  of  inflection  lift  coefficient  to  maximum  lift  coefficient  decreases 
with  increasing  aspect  ratio,  i.e,  separation  occurs  earlier  on  wings  of 
large  aspect  ratio.  For  example,  on  a  wing  with  forty  degrees  of  sweep,  and 
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an  aspect  ratio  of  four  separation  seems  to  determine  the  maximum  I ift 
coefficient,  while  for  an  aspect  ratio  of  ten,  separation  occurs  at  half  the 
maximum  lift  coefficient.  This  would  seem  to  indicate  that  the  spanwise 
flow  of  the  boundary  layer  becomes  increRsingl'y  severe  as  the  aspect  ratio 
increases,  and  that  the  accumulation  of  boundary  layer  on  the  outboard 
sections  limits  these  sections  to  very  low  values  of  lift.  It  has  been 
observed  that  after  the  initial  separation,  the  region  of  separated  flow  moves 
rapidly  inboard  with  increasing  wing  lift  coefficient.  Hence,  the  low  values 
of  maximum  wing  lift  coefficient  for  high  aspect  ratios  can  be  attributed  to 
the  large  regions  of  separation  rather  than  any  tendency  toward  two-dimensional 
flow. 

Although  the  preceding  may  seem  contradictory  when  one  considers  the  lift 
increasing  influence  of  the  spanwise  boundary  layer  flow  over  the  inboard 
sections,  it  appears  that  the  region  of  separated  flow  becomes  so  large  with 
high  aspect  ratios,  that  the  additional  lift  produced  by  the  root  sections 
cannot  compensate  for  the  loss  in  lift  over  the  outboard  sections;  therefore, 
wings  of  a  given  sweep  experience  a  loss  of  maximum  lift  coefficient  with 
increasing  aspect  ratio. 

4.2c  Sweep-back  Angle 

The  influence  of  sweep  angle  on  the  maximum  lift  coeff  icienf  is 
presented  schematically  in  Fig.  194.  As  was  stated  in  section  4.1b,  the 
effect  of  sweep  is  to  create  a  spanwise  pressure  gradient  which  increases  in 
intensity  as  the  angle  of  sweep  Increases.  Therefore,  for  a  wing  which  exhibits 
predominant  trai I  ing-edge  stall,  the  maximum  lift  coefficient  will  decrease 
with  increasing  sweep  because  of  the  aggravaf ing* effects  on  the  lift  of  the 
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outboard  sections  due  to  the  accumulation  of  boundary  layer.  With  a  wing 
exhibiting  leading-edge  separation,  however,  a  quite  opposite  tendency  is 
observed,  i.e.  the  maximum  lift  coefficient  increases  with  increasing  sweep. 
Because  the  leading-edge  vortex  creates  a  I ifting  force,  the  greater  the 
strength  of  the  vortex,  the  more  lift  produced  by  the  wing;  since  the  vortex 
strength  is  a  function  of  the  sweep  angle,  it  follows  that  as  the  sweep  angle 
is  increased  on  any  wing  which  exhibits  leading-edge  vortex  formation,  the 
maximum  lift  coefficient  will  increase. 

These  same  trends  are  presented  in  a  different  form  in  Fig,  192;  here, 
the  ratio  of  the  maximum  lift  coefficient  of  a  wing  with  no  sweep  to  the 
maximum  lift  coefficient  of  the  same  wing  with  varying  amoun|5  of  sweep  is 
presented  for  the  two  types  of  separation,  it  is  interesting  to  note  that  the 
ratios  for  both  leading-edge  vortex  flow  present  and  absent  exceed  the  ratio 
predicted  by  simple  sweep  theory. 

From  Fig.~'}93,  'one- observes  that  for  a  given  aspect  ratio,  the  ratio  of 
the  inflection  I ift  coeff iclent  to  maximum  lift  coefficient  decreases  with 
increasing  angle  of  sweep.  Therefore,  increasing  the  angle  of  sweep  on  any 
given  wing  will  cause  separation  to  occur  at  lower  wing  loading^  a  conclusion 
which  is  obvious  from  previous  discussions  of  three-dimensional  flow 
phenomena, 

4, 2d  Taper  Ratio 

Unfortunately,  little  can  be  said  concerning  the  effect  of 
taper  ratio  without  first  considering  the  wing  plan-form,  as|>ect  ratio,  stall 
type,  and  various  other  parameters.  From  Fig,  191,  one  observes  that  the 
maximum  lift  coefficient  for  delta  wings  is  larger  than  thati  for  swept  wings 


CONFIDENTIAL 


CONFIDENTIAL 

-287- 


of  comparable  aspect  ratio  (from  one  to  three).  For  these  small  aspect 
ratios,  it  appears  that  as  the  taper  ratio  decreases,  the  maximum  lift 
coefficient  increases.  If  one  assumes  the  presence  of  a  leading-edge  vortex, 
an  assumption  which  is  quite  reasonable  for  a  delta  wing  of  an  aspect  ratio 
of  two,  this  effect  is  easily  explained.  Because  the  greater  part  of  the  wing 
area  is  located  inboard  near  the  root  for  small  taper  ratios,  the  lifting 
forces  created  by  the  leading-edge  vortex  operate  over  a  larger  area,  and 
hence,  enable  the  wing  to  obtain  high  values  of  lift  coefficient  even  though 
the  tips  are  stal led. 

On  a  high  aspect  ratio  swept  wing  (/4^^5),  the  effect  of  decreasing 
the  taper  ratio  is  to  decrease  the  maximum  lift  coefficient,  while  on  a  low 
aspect  ratio  swept  wing  (  -A?  <.  4),  decreasing  the  taper  ratio  seems  to 
increase  the  maximum  lift  coefficient.  The  reason  for  this  behavior  is 
probably  an  increased  tendency  toward  tip  stall  In  the  first  case,  and  an 
Increase  in  the  leading-edge  vortex  strength  in  the  later  case. 

4.2e  Aerodynamic  and/or  Geometric  Twist 

It  is  well  known  that  large  gains  can  be  made  on  the  high¬ 
speed  performance  of  swept-back  wings  if  the  load  is  uniformly  distributed 
spanwise  and  chordwise.  In  addition  to  these  gains  at  high  speed,  study  of 
the  problem  has  indicated  that  the  same  qualities  should  significantly  Improve 
the  low  speed  characteristics  because  the  redistribution  of  spanwise  loading 
should  relieve  the  highly  loaded  tips  while  the  redistribution  of  the  chord- 
wise  loading  should  delay  leading-edge  separation.  Consequently,  almost  all 
experimental  results  deal  with  the  combination  of  twist  and  camber. 
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Probably  the  most  significant  effect  of  wing  twist  from  the  standpoint 
of  an  increase  in  lift,  is  the  pronounced  change  in  the  inflection  lift 
coefficient,  i.e.  that  lift  coefficient  where  flow  separation  seriously 
affects  the  pitching  moment  characteristics.  From  comparisons  between 
plain  and  twisted  wings,  the  ratio  of  inflection  lift  coefficient  to  maximum 
lift  coefficient  may  range  from  .5  for  the  plain  wing  to  .90  or  .95  for  the 
twisted  wing.  It  must  be  emphasized,  however,  that  almost  every  twisted  wing 
also  incorporates  some  degree  of  camber,  and  that  the  effect  of  twist  alone 
•cannot  be  isolated. 

4.2f  Section  Thickness  and/or  Leading-Edge  Radius 

Although  these  parameters  greatly  influence  the  maximum  lift  of 
finite  wings,  their  relationship  to  maximum  lift  for  any  given  plan-form  is 
often  quite  complex.  For  straight  wings  of  high  aspect  ratio,  section 
parameters  can  in  the  majority  of  cases  be  handled  mathematically,  and  no 
difficulty  arises.  Flowever,  for  swept  and/or  low  aspect  ratio  wings,  the 
two-dimensional  characteristics  of  a  given  section  combine  with  three- 
dimensional  flow  mechanisms  to  produce  inter-related  effects  which  may 
considerably  alter  the  maximum  lift  coefficient.  For  example,  the  type  of 
flow  separation  present  on  a  swept  wing  appears  to  be  mainly  a  function  of 
sweep  angle  and  leading-edge  radius  (Fig,  190)  so  that,  depending  upon  the 
section  leading-edge  radius,  a  wing  of  a  given  angle  of  sweep  may  separate 
from  either  the  leading  or  trai I  ing-edge.  Conversely,  for  a  wing  of  given 
section  and  leading-edge  radius,  increasing  the  sweep  angle  may  effectively 
alter  the  section  characteristics  by  the  application  of  tra i I ing-edge 
circulation  and/or  boun'dary  layer  control  (section  4.1b).  Thus  the  wing  may 
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stall  from  tra  1 1 ing-edge  separation  at  moderate  angles  of  sweep,  but  stall 
from  the  leading-edge  at  higher  sweep  angles. 

For  delta  wings,  the  effect  of  profile  shape  is  large  but  existing 
information  seems  inadequate  to  evaluate  the  influence  of  leading-edge  radius 
or  section  thickness  on  maximum  lift.  Thin  profiles  produce  stronger  leading- 
edge  vorticies  but  also  induce  earlier  tip  stalling  tendencies.  An  analysis 
by  Palme  (Ref.  285)  indicates  no  definite  trend  between  maximum  lift 
coefficient  and  section  thickness;  this,  however,  does  not  necessarily  negate 
some  sort  of  correlation,  for  leading-edge  radius  rather  than  section 
thickness  appears  to  be  the  more  important  section  parameter  when  dealing 
with  the  formation  of  a  leading-edge  vortex. 

Profile  shape  exerts  little  influence  on  the  aerodynamics  of  a  very  small 
aspect  ratio  straight  wing  because  the  tip  vorticies  have  such  a  predominant 
effect  on  the  flow  field. 

4.2g  Camber 

Because  camber  serves  only  to  redistribute  the  chordwise 
loading,  little  information  is  available  concerning  +he  effects  of  camber  alone 
on  swept  or  low  aspect  ratio  wings.  As  mentioned  in  section  4. 2d  almost  all 
experimental  results  involving  the  incorporation  of  camber  into  a  wing  have 
considered  it  in  combination  with  twist,  and  hence  the  direct  effect  of 
camber  on  maximum  lift  is  quite  obscure. 

For  a  moderately  swept  wing  (  -A.  =  35°)  with  12^  sections,  a  study  of 
camber  indicated  that  the  expected  trim  changes  occurred,  but  the  pitching 
moment  characteristics  exhibited  little  variation  (Ref.  500).  It  was  further 
postulated  in  this  reference  that  the  improvements  on  maximum  lift  coefficient 
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due  to  camber  could  be  estimated  from  two-dimensional  data.  However,  another 
NACA  test  of  a  45^  swept-back  wing  of  aspect  ratio  5.5  having  increasing 
camber  along  the  span  (intended  to  prevent  tip  stall)  indicates  that  the 
effects  of  the  spanwise  boundary  layer  flow  v;ere  so  predominant  that  changing 
the  camber  along  the  span  had  a  secondary  effect  on  the  pitching  p^ment 
characteristics  (Ref.  318).  But  with  the  addition  of  several  fences,  if  is 
interesting  to  note  that  the  boundary  layer  flow  was  sufficiently  restricted 
so  that  the  moment  characteristics  were  similar  to  what  might  be  expected 
from  the  theoretical  loading  on  the  wing.  Evidently,  an  increase  in  sweep 
angle  from  35°  to  45°  was  sufficient  to  induce  a  boundary  layer  drift  of  such 
magnitude  that  a  prediction  of  the  wing  aerodynamic  characteristics  from  two- 
dimensional  data  was  rendered  impossible,  i.e.  without  stall  control  devices. 
Because  camber  effectively  reduces  the  leading-edge  pressure  peak  in 
two-dimensional  flow,  one  would  expect  that  cambered  sections  on  a  swept  • 
wing  would  delay  the  onset  of  leading-edge  flow  separation  to  higher  wing- 
I  ift  coefficients.  The  only  experimental  evidence  tending  to  corroborate 
this  expectation  combines  camber  with  an  increase  in  leading-edge  radius 
(Ref.  347),  and  since  both  modifications  would  have  a  similar  influence  on 
leading-edge  separation,  the  results  are  inconclusive, 

4,2h  Reynolds  Number 

Those  wings  which  fall  to  either  side  of  the  boundary  defined 
in  Fig.  190  are  definitely  character ized  by  either  leading-edge  or  trail  ing- 
edge  separation.  But  for  those  wings  whose  geometric  characteristics  place 
them  in  the  immediate  vicinity  of  the  boundary,  separation  will  be  influenced 
by  both  boundary  layer  drift  and  leading-edge  vortex  flow.  For  such  a  wing, 
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vortex  flow  may  be  observed  at  low  Reynolds  Numbers  and  low  lift  coefficients. 
However,  the  formation  of  the  vortex  has  been  observed  to  take  place  at 
higher  values  of  lift  coefficient  when  the  Reynolds  Number  is  increased. 
Evidently,  the  stall  pattern  of  a  swept  wing  exhibiting  mixed  separation, 
i.e.  both  trailing  and  leading-edge,  may  change  from  leading-edge  at  low 
Reynolds  Numbers  to  trai I Ing-edge  at  higher  Reynolds  Numbers.  For  this 
reason,  the  maximum  lift  coefficients  of  swept  wings  increase  with  increasing 
angle  of  sweepback  at  low  Reynolds  Numbers,  and  decrease  with  increasing 
sweepback  at  high  Reynolds  Numbers. 

For  wings  which  clearly  exhibit  leading-edge  or  trai I ing-edge  separation, 
the  variation  of  maximum  lift  coefficient  with  Reynolds  Number  is  shown 
schematically  In  Fig.  195.  It  is  interesting  to  note  that  these  tendencies 

are  very  similar  to  the  results  for  two-dimensional  stall  characteristics. 

4.3  Hioh  Lift  and  Stall  Control  Devices 

4. '3a  General  Discussion 

It  was  the  primary  purpose  of  this  report  to  investigate  high 
lift  devices  with  particular  emphasis  on  leading-edge  controls,  and  to 
provide,  if  at  all  possible,  some  correlation  between  section  data  concerning 
these  controls  and  their  influence  on  the  three-dimensional  characteristics 
of  a  finite  wing.  From  the  preceding  discussion  of  flow  mechanisms  and  stall 
types  of  those  wings  which  exhibit  pronounced  three-dimensional  phenomena. 

It  does  not  seem  unreasonable  to  state,  at  this  time,  that  any  purely 
theoretical  approach  at  predicting  maximum  lift,  either  with  or  without  high 
lift  devices,  is  inadequate.  Further,  while  a  sem I -empi  r i ca I  or  statistical 
study  might  prove  of  considerable  use  to  the  design  engineer,  it  is 
unfortunate  that  even  though  the  number  of  experimental  investigations  Is 
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large,  so  too  is  the  number  of  variables  involved.  Thus,  it  appears  that  at 
the  present  moment,  emp ir ical ' resul ts  based  on  closely  similar  configurations 
form  the  only  adequate  means  of  determining  the  high  I ift  capabilities  of  a 
given  design.  Consequently,  from  a  designer's  point  of  view  the  greatest 
value  of  this  section  lies  in  the  rather  complete,  cross  indexed  bibliography 
that  follows. 

Even  though  the  complexity  of  the  problem  renders  a  comprehensive 
analysis  impossible,  certain  general  trends  may  be  extablished,  and  it  is  with 
this  type  of  material  that  the  remainder  of  this  section  will  be  concerned. 

4.3b  Trai I inq-Edqe  Devices 

From  the  great  mass  of  information  available  concerning  the 
application  of  tra  i  I  ing-edge  high  lift  devices  to  swept  and/or  low  aspect 
ratio  wings,  it  is  indeed  unfortunate  that  no  accurate  and  comprehensive 
method  of  predicting  their  lift  increments  can  be  developed.  It  is  well 
known  that  flap  effectiveness  falls  off  quite  rapidly  as  the  angle  of  sweep 
is  increased,  and  as  one  might  suspect,  the  type  of  flow  separation  present 
on  a  given  wing  greatly  influences  the  ability  of  a  trai I ing-edge  device  to 
produce  a  i ift  increment,  particularly  at  maximum  lift.  Further,  it  does 
not  seem  unreasonable  to  assume  that  the  presence  of  a  flap  on  a  wing, 
expecially  a  wing  whose  geometric  characteristics  place  it  near  the  boundary 
of  Fig.  190,  may  change  or,  at  least,  alter  the  type  of  flow  separation 
present  on  the  plain  wing.  Hence,  the  problem  of  predicting  the  lift 
increments  and  pitching  moment  characteristics  of  a  flapped  wing  must  include 
a  consideration  of  the  wing  flow  field  as  well  as  the  more  conventional 
parameters  used  in  such  an  analysis.  The  discussion  that  follows  will  be  for 
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the  most  part,  a  speculative  discussion  on  the  effect  of,  and  effect 
produced  by^  a  tra i I ing-edge  device  on  swept  wings  exhibiting  either  trail ing- 
edge  or  leading-edge  separation,  or  a  combination  of  both  types  of  separation. 

For  wings  having  predominant  trai I ing-edge  separation,  it  appears  that 

the  lift  increment  produced  by  an  unpowered  trai I ing-edge  device  is  roughly 

2 

that  which  would  be  expected  from  simple  sweep  theory  (cos  /S.  law).  Also, 
because  the  difference  between  the  linear  and  maximum  lift  increments  remains 
approximately  constant  throughout  the  sweep  range,  it  would  seem  reasonable  to 
expect  that  a  fairly  accurate  prediction  of  the  effectiveness  of  a  flap  could 
be  made  in  this  case  (Fig.  191).  Although  a  Swedish  investigation  of  high 
lift  devices  on  swept  wings  (by  H.  0.  Palme,  Ref.  284)  makes  no  distinction 
between  stall  types,  it  appears  that  the  results  of  this  statistical  study 
concern  mainly  wings  which  exhibit  tra i I ing-edge  separation.  The  data  on 
highly  swept,  thin  wings  are  widely  scattered  and  show  little  correlation 
with  the  data  concerning  moderately  swept,  relatively  thick  wings;  indeed, 
the  author  points  out  that  the  scatter  of  these  points  is  probably  attributable 
to  the  existence  of  a  strong  leading-edge  vortex.  Hence  it  is  recommended 
that  the  results  of  this  investigation  be  restricted  in  scope  to  apply  only 
to  those  wings  which  exhibit  predominantly  tra i I  ing-edge  separation. 

For  wings  exhibiting  pronounced  leading-edge  separation,  the  addition  of 
a  flap  produces  interesting  and  sometimes  detrimental  effects  on  the  wing's 
maximum  lift  capabilities.  Even  at  zero  angle  of  attack,  the  circulation 
control  created  by  the  flap  is  sufficient  to  initiate  the  leading-edge  vortex 
with  the  result  that  the  lift  increment  is  well  above  that  expected  from  simple 
sweep  theory.  From  this  early  start,  the  strength  of  the  vortex  quickly 
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increases  with  increasing  angle  of  attack,  and  for  certain  wings,  a  negafive 
rather  than  positive  lift  increment  may  be  obtained  at  maximum  I  iff.  The 
explanation  for  this  behavior  seems  to  be  that  because  the  vortex  becomes 
so  large  at  relatively  low  angles  of  attack,  it  is  swept  off  the  wing 
prematurely.  Thus,  even  though  sizeable  lift  increments  are  produced  at  low 
angles  of  attack,  the  suction  forces  attributable  to  the  leading-edge  vortex 
are  not  realized  at  maximum  lift  because  a  greater  portion  of  the  outboard 
sections  of  the  wing  lie  in  a  region  of  diffused  vortex  flow  than  for  a 
geometrically  similar  plain  wing.  Although  this  phenomenon  has  been  observed 
from  both  wind  tunnel  and  flight  tests,  existing  literature  sheds  little 
light  on  when  and  under  what  conditions  it  should  be  expected  for  any  given 
planform. 

On  wings  whose  geometric  characteristics  place  them  in  the  vicinity  of 
the  boundary  of  Fig.  190,  the  addition  of  a  flap  could  easily  change  the  stall 
pattern  from  trailing  to  ieading-edge.  As  was  discussed  In  section  4.ib, 
the  application  of  circulation  and/or  boundary  layer  control  can  change  the 
stall  pattern  of  an  airfoil  section  from  leading-edge  to  thin  airfoil,  and 
the  flap  is,  of  co^l^se,  primarily  a  circulation  control  device.  Therefore, 
the  effect  of  a  flap  on  the  inboard  sections  of  such  a  wing  could  alter  the 
two-dimensional  stall  characteristics  with  the  resultant  formation  of  a 
leading-edge  vortex.  This  would  result  in  a  somewhat  greater  lift  increment 
at  zero  angle  of  attack  than  would  otherwise  be  expected,  but  for  wings  of 
these  particular  geometr ic  character ist ics,  a  radical  change  in  the  lift 
increment  at  maximum  lift  is  not  likely.  Because  this  effect  is  marginal,  the 
leading-edge  vortex  would  probably  not  be  of  sufficient  strength  to  separate 
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prematurel y,  and  positive  lift  increments  at  maximum  lift  would  be  observed 
to  rather  high  angles  of  sweep,  even  though  the  increments  become  quite  small 
at  the  higher  sweep  angles  (Fig.  196). 

4.3c  Leading-Edge  Devices 

Although  the  various  devices  that  may  be  employed  on  the 
leading-edge  of  a  finite  wing  usual iy  contribute  to  the  maximum  lift  capabilities 
of  the  plain  wing,  their  most  frequent  application  is  on  the  outboard  sections 
of  swept-back  wings  in  the  form  of  a  stall  prevention  measure.  If  lift  can 
be  maintained  on  the  outboard  sections  until  separation  occurs  inboard,  the 
performance  of  a  swept  wing  is  greatly  improved  even  though  the  maximum  lift 
coefficient  has  not  changed  perceptibly.  The  most  important  leading-edge 
devices  are  the  droop  nose,  the  extensible  flap  or  slat,  and  the  chord  extension. 
Of  these  three  devices,  only  two,  the  droop  nose  and  extensible  flap  or  slat, 
introduce  camber  into  the  wing,  and  it  is  with  these  devices  that  this  section 
will  be  concerned. 

Even  though  the  extensible  flap  is  used  quite  frequently  in  wind  tunnel 
tests,  the  actual  construction  and  installation  of  this  device  on  airplanes 
has  proved  to  be  extremely  difficult,  and  hence,  a  slat  is  generally 
substituted.  It  has  been  assumed  that  the  overall  effects  on  the  wing  flow 
field-due  to  this  substitution  are  small,  so  that  in  the  discussion  that  follows 
no  distinction  will  be  made  between  these  devices. 

Both  the  slat  and  droop  nose  are  generally  partial  span  devices,  having 
their  outboard  ends  in  the  vicinity  of  the  wing  tip  and  their  inboard  ends 
between  40^  and  60^  of  the  semi  span.  Even  though  both  of  these  devices 
introduce  camber  into  a  wing  their  effects  are  often  quite  different  because 


CONFIDENTIAL 


CONFiDENTiAl 

-296- 


of  the  chord  extension  qualities  of  the  leading-edge  slat.  The  various  flow 
mechanisms  associated  v/lth  the  chord  extension  are  described  in  some  detail 
in  section  4.3e,  Briefly,  two  important  phenomena  take  place  as  a  result  of 
the  planforni  discontinuity;  the  spanwise  pressure  gradient  is  partially 
unstaggered  which  reduces  the  spanwise  boundary  layer  drift  and  second,  a 
vortex,  opposite  in  direction  of  rotation  to  the  vring  tip,  trailing  vortex, 
is  shed  from  the  inboard  end  of  the  device.  Because  of  its  direction  of 
rotation,  this  shed  vortex  opposes  boundary  layer  drift,  and  exerts  a 
powerful  influence  on  the  location  and  strength  of  the  leading-edge  vortex. 
Also,  because  a  pressure  discontinuity  exists  at  the  inboard  end  of  the  slat, 
initial  flow  separation  at  a  station  inboard  of  the  tips  is  encouraged.  The 
camber  of  the  slat,  as  opposed  to  the  plain  chord  extension,  allows  the 
outboard  sections  of  the  wing  to  obtain  higher  angles  of  attack  before 
separating. 

Generally  to  obtain  the  greatest  increment  in  lift  coefficient  and  the 
maximum  gain  in  longitudinal  stability,  the  inboard  end  of  the  slat  should 
be  located  somewhere  in  the  vicinity  of  half  the  semispan,  so  that  initial 
separation  occurs  Just  ahead  of  the  moment  center.  Two  factors  which 
influence  the  location  and  the  spanwise  extent  of  this  device  are:  I)  the 
formation  of  a  leading-edge  vertex  and,  2)  the  proximity  of  the  wings 
geometric  characteristics  to  the  boundary  described  in  Fig.  190.  In  the 
first  case,  the  optimum  span  is  generally  smaller  than  for  the  case  of 
tra  i  I  ing-edge  separation  on  a  wing  of  similar  geometrical  characteristics,  and 
for  the  second  case,  the  optimum  span  may  be  quite  large.  Similarly,  for 
wings  which  are  initially  stable,  the  greatest  gains  in  maximum  lift 
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coefflcient  are  obtained  when  the  span  of  the  device  extends  well  inboard. 

The  droop  nose  device  enables  the  tip  sections  to  reach  higher  lift 
coefficients  by  virtue  of  its  Increased  camber  effect,  but  because  there  is 
no  chord  extension,  the  vortex  shed  from  the  inboard  end  is  much  weaker,  and 
may  perhaps,  even  exhibit  a  reversal  of  the  direction  of  rotation.  Hence, 
the  droop  nose  by  itself  is  not  nearly  as  effective  a  stabilizing  device 
as  the  leading-edge  flap  or  slat;  however,  the  droop  nose  used  in  combination 
with  a  system  of  fences  is  frequently  an  excellent  practical  solution  to  many 
cases  of  premature  separation  and  instability. 

4.3d  Powered  Control  Systems 

Although  much  has  been  said  and  done  concerning  the  application 
of  powered  boundary  layer  and/or  circulation  control  systems,  there  are  few 
concrete  results  from  which  general  trends  and  conclusions  can  be  drawn.  The 
investigations  found  in  existing  literature  apply  to  widely  divergent  planforms, 
attempt  to  improve  flow  conditions  by  a  multiplicity  of  schemes,  and  generally 
show  no  continuity  that  might  lead  to  a  correlation  of  results.  It  has  long 
been  known  that  flow  separation  can  be  delayed  by  adding  energy  to  the 
boundary  layer  by  means  of  a  blowing  mechanism,  or  by  removing  the  boundary 
layer  entirely  through  suction  slots.  Because  both  of  these  schemes  prevent 
flow  separation,  they  will  generally  increase  the  wing's  circulation, 
particularly  if  they  are  applied  in  conjunction  with  a  fra  i  I  ing-edge  device, 
so  it  is  frequently  impossible  to  classify  a  given  system  as  being  either  a 
boundary  layer  control  or  circulation  control  device. 

Numerous  two-dimensional  tests  have  shown  that  throughout  the  same  lift 
increment  range,  the  results  produced  by  a  blowing  or  suction  device  are 
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approximately  the  same.  However  the  method  used  is  primarily  dependent  upon 
the  specific  application,  and  is  frequently  determined  by  availability  of  a 
source,  e.g.  the  jet  engine  is  much  more  adaptable  for  blowing  than  suction. 

Many  investigations  of  powered  boundary  layer  control  systems  have 
concerned  wings  which  exhibit  leading-edge  separation.  These  experiments 
have  shown  that  the  most  favorable  slot  location  for  controlling  flow 
separation  to  be  just  aft  of  the  section  negative  pressure  peak.  Being  so 
close  to  the  leading-edge,  this  position  is  very  hard  to  obtain  experimentally, 
and  some  investigators  have  consequently  resorted  to  a  porous  wing  leading-edge. 

The  spanwise  extent  of  this  control  is  determined  by  considerations 
similar  to  mechanical  leading-edge  devices.  For  initially  stable  wings,  the 
control  may  approach  full  span  but  for  unstable  wings,  the  inboard  end  of  the 
control  will  be  located  in  the  vicinity  of  half  the  semispan.  The  initial 
flow  separation  should  occur  just  forward  of  the  moment  center,  as  with 
chord  extension  devices.  Because  this  application  of  boundary  layer  control 
serves" to  improve  the  wing  flow  field,  it  will  have  the  rather  peculiar 
effect  of  reducing  the  wing  maximum  lift  coefficient,  and  consequently,  it 
assumes  the  dual  role  of  a  more-or-less  pure  boundary  layer  control  system 
and  stall  control  device. 

For  increasing  the  maximum  lift  potential  of  a  wing,  boundary  layer 
control  is  frequently  used  in  conjunction  with  a  tra i I ing-edge  device.  The 
Arado  low  velocity,  combined  suction  and  blowing  system  still  leaves  much  to 
be  desired  but  shows  strong  future  potential.  A  great  variety  of  other 
systems  is-  available,  and  the  reader  is  referred  to  the  two-dimensional  section 
of  this  report  for  further  information. 
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4.3g  Chord  Extensions 

Chord  extensions  would  be  expected  to  have  a  beneficial  effect 
on  the  maximum  lift  of  any  finite  wing  simply  because  of  the  increase  in  wing 
area,  however,  on  swept  wings  where  the  leading-edge  chord  extension  is 
employed  most  advantageously,  the  device  is  considered  primarily  as  a  stall 
control  device  for  it  provides  little,  if  any,  lift  increment.  Because  a 
discontinuity  in  planform  usually  results  in  the  shedding  of  a  streamwise 
vortex,  the  effect  of  a  chord  extension  device  in  conjunction  with  the  other 
three-dimensional  phenomena  tha1  occur  on  a  swept  wing  is  both  very  interesting 
and  profitable  to  consider.  Since  this  vortex  rotates  in  a  direction 
opposite  to  that  of  the  wing  tip  trail ing  vortex,  it  tends  to  prevent  the 
low  energy  boundary  layer  air  from  the  inboard  sections  from  influencing  the 
boundary  layer  on  the  outboard  sections.  Further,  on  wings  which  exhibit 
leading-edge  vortex  formation,  the  presence  of  this  opposing  vortex  tends  to 
alter  the  direction  and  magnitude  of  the  leading-edge  vortex,  and  hence  the 
lift  and  pitching  moment  characteristics  are  changed  considerably.  The  angle 
of  attack  range  through  which  this  improvement  in  flow  over  the  outboard 
sections  is  realized  and  the  manner  in  which  the  lift  and  pitching  moment 
characteristics  are  altered  seems  to  depend  on  the  airfoil  section  of  the 
wing,  and  to  some  extent,  on  the  wing  planform  (Ref.  309).  Briefly,  the 
influence  of  chord  extension  depends  upon  the  predominant  type  of  flow 
separation  involved,  which  is,  from  section  4. la,  a  function  of  leading-edge 
radius  and  aspect  ratio,  (Fig.  I90).  A  distinction  seems  to  be  evident, 
however,  between  wings  with  sections  of  sharp  leading-edges  and  win^of  small 
leading-edge  radii,  e.g.  6-series  sections  of  small  thickness  ratios.  For 
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wings  which  incorporate  sections  of  very  sharp  leading-edges,  the  vortex  forms 
at  extremely  low  lift  coefficients,  and  it  has  been  observed  that  the  vortex 
is  quite  strong  at  lift  coefficients  much  lower  than  those  at  which  trail ing- 
edge  separation  would  be  expected  on  a  wing  of  similar  planform  bot 
constructed  of  sections  with  a  large  leading-edge  radius.  However,  for  swept 
wings  whose  sections  have  a  small  but  finite  leading-edge  radius,  the  vortex 
may  appear  simultaneously  or  only  slightly  prior  to  tra i I ing-edge  separation. 
Hence  the  effect  of  the  planform  discontinuity  vortex  may  be  different  for 
these  two  cases,  and  the  discussion  that  follows  will  attempt  to  clarify  this 
distinction.  ' 

The  manner  in  which  a  chord  extension  device  influences  wings  exhibiting 
leading-edge  vortex  formations  that  arise  from  sections  with  sharp  leading- 
edges  can  best  be  explained  by  the  pitching  moment  characteristics  shown  in 
Fig.  197. 

Without  the  chord  extension,  i.e.  plain  wing,  the  influence  of  the 
leading-edge  vortex  moving  in  over  the  outboard  sections  causes  an  increase 
in  lift,  and  consequently  the  variation  of  pitching  moment  coefficient  with 
lift  coefficient  is  as  shown  from  A  to  B.  Then,  as  the  vortex  grows  in 
intensity  and  moves  farther  inboard  leaving  the  tips  in  a  region  of  diffused 
vortex  flow,  the  decrease  in  lift  over  the  outboard  sections  combined  with  the 
increased  lift  over  the  inboard  sections,  drives  the  pitching  moment  coefficient 
positive  with  increasing  lift  coefficient  (from  B  to  C) .  The  hook  shown  in 
this  figure,  for  both  wings  with  and  without  a  chord  extension,  is  a  result  of 
complete  flow  deterioration  and  consequent  flat  plate  stall. 
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Now  with  the  appi ication  of  a  chord  extension  device  over  the  outboard 
panels,  a  vortex  forms  as  a  result  of  the  discontinuity,  and  experimental 
investigations  have  shown  fhat  the  diffused  combination  of  the  two  opposing 
vorticies  accompanied  by  the  low  energy  boundary  layer  air  from  the  inboard 
sections  is  swept  off  the  wing  at  some  station  just  outboard  of  the  inboard 
end  of  the  chord  extension.  Obviously,  for  optimum  results,  great  care  must 
be  taken  when  determining  the  spanwise  extent  of  a  chord  extension  device. 

And  it  is  important  to  note  that  while  the  flow  conditions  over  the  oufboard 
sections  are  improved,  lift  is  lost,  not  gained,  as  might  be  expected  when 
flow  conditions  are  improved.  This  phenomenon  is,  of  course,  attributable  to 
the  absence  of  the  leading-edge  vortex  over  the  outboard  sections.  It  is  also 
most  important  to  realize  that  Fig.  197  indicates  a  trend  only,  and  that  a 
chord  extension  device  does  not  necessarily  guarantee  a  linear  pitching  moment 
curve  but  simply  serves  to  alleviate  the  severe  stable  tendency  of  many  thin 
swept  wings  in  the  low  lift  coefficient  range.  To  obtain  linear  pitching 
momentum  great  care  must  be  taken.  It  is  notable  that  at  higher  lift 
coefficients,  the ' predominant  three-dimensional  flow  mechanisms  of  swept  wings 
virtually  eliminate  the  relatively  minor  disturbances  due  to  the  chord 
extension,  and  little  change  in  the  flow  field  is  observed  with  or  without  a 
planform  discontinuity. 

A  similar  though  less  severe  tendency  is  observed  for  wings  which  exhibit 
mixed  separation,  i.e.  both  leading  and  trai  I ing-edge  separation;  for  these 
wings  of  small  but  finite  section  leading-edge  radii,  the  stable  trend  at  low 
lift  coefficients  is  not  quite  so  pronounced  and  the  unstable  trend  at  higher 
lift  coefficients  is  somewhat  less  violent.  Thus,  while  the  chord  extension 
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dif fuses  and  directs  the  inboard  vortex  as  with  the  case  of  the  sharp  leading- 
edge  wing,  of  equal  importance  is  1he  influence  of  the  chord  extension  vortex 
on  the  spanwiso  flow  of  the  boundary  layer.  By  obtaining  a  marked  improvement 
of  flow  over  the  outboard  sections  with  the  consequent  improvement  of  lift, 
the  pitching  up  tendency  characteristic  of  such  a  wing  may  be  entirely 
eliminated.  That  is,  the  chord  extension  effect  persists  with  great  strength 
up  to  andMncluding  the  maximum  lift  coefficient  as  contrasted  with  the  first 
case  considered. 

On  a  wing  with  pure  tra i I ing-edge  separation,  a  chord  extension  will 
improve  the  flow  over  the  outboard  sections  by  the  elimination  of. .boundary 
layer  air  over  these  sections,  and  improvements  in  the  pitching  moment  and 
I  ift  characteristics  are  as  expected. 

4.3f  Fences 

Perhaps  the  most  obvious  method  of  controlling  swept  wing  flow 
separation,  the  fence  or  vane  simply  restricts  the  spanwise  flow  phenomena 
by  providing  a  physical  barrier  to  such  flow.  For  wings  exhibiting  trail ing- 
edge  separation,  the  application  of  a  suitable  number  of  fences  will  eliminate 
boundary  layer  accumulation  over  the  vulnerable  tip  sections,  and  hence, 
premature  stall  over  these  sections  will  be  avoided.  When  leading-edge 
separation  is  present,  the  fence  can  be  employed  to  redirect  or  diffuse  the 
vortex  so  that  linear  pitching  moment  characteristics  are  obtained.  Although 
restrictions  to  the  spanwise  flow  mechanisms  operating  on  a  swept  wing  do  serve 
to  improve  the  pitching  moment  characteristics  throughout  the  entire  lift 
range,  the  induced  angle  of  attack  distribution  and  induced  camber  effect 
remain  unchanged.  Hence  for  the  wing  exhibiting  tra  i  I  ing-edge  separation,  the 
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tip  sections  stili  separate  earlier  than  the  inboard  sections  with  tne  result 
that  the  pitching  moment  break  at  the  maximum  lift  coefficient  is  seldom 
affected  by  the  addition  of  a  fence;  Fig.  189,  based  on  the  wing's  geometry 
(  i  A.  )  can  be  relied  upon  to  indicate  stability  or  instability  at 
stall  even  for  a  wing  with  fences,  i.e,  that  exhibits  trai I  ing-edge  separation. 
Although  much  the  same  trend  is  indicated  for  wings  exhib-iting  leading-edge 
separation,  there  have  been  instances  where  the  addition  of  a  fence  (or  fences) 
has  changed  the  stability  at  stall.  Generally,  however,  the  addition  of  this 
type  of  stall  control  device  will  px)t  change  the  stability  characteristics  of 
a  given  wing. 

Even  though  the  reasoning  behind  the  application  of  a  fence  is  quite 
simple,  the  location,  size,  and  number  of  fences  required  to  obtain  the 
desired  results  is  somewhat  more  complicated.  For  trai I ing-edge  separation, 
the  fence  must  be  of  adequate  size  to  prevent  the  accumulation  of  boundary 
layer  from  spilling  over,  and  hence  defeating  its  purpose.  It  may  be 
necessary  to  install  several  fences  along  the  span,  for  if  on  a  large  aspect 
ratio  wing,  only  one  high  fence  was  located  at  half  the  semi-span,  the  boundary 
layer  accumulation  outboard  of  this  point  might  be  sufficient  to  promote  tip 
stall.  Obviously  a  fence  intended  to  prevent  tra  i  I  ing-edge  separation  should 
cover  the  rear  portion  of  the  chord,  and  experimental  investigations  have 
shown  that  for  maximum  effectiveness  at  high  lift  coefficients,  it  should  also 
extend  well  forward,  perhaps  to  within  five  percent  chord  of  the  leading-edge. 

For  wings  exhibiting  leading-edge  separation,  it  is  evident  that  the  fence 
should  be  located  on  the  forward  portion  of  the  chord,  and  experience  has  shown 
that  for  maximum  effectiveness,  it  should  extend  around  the  leading-edge  to 
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the  lower  surface.  Because  so  little  is  known  about  the  size  or  formation 
of  the  leading-edge  vortex,  the  requirements  for  the  size  or  location  of  such 
a  fence  cannot  be  stated,  or  even  inteiiigently  guessed. 
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ABOUT  THE  BIBLIOGRAPHY 

The  bibliography  to  be  found  on  the  following  pages  includes  not  only 
the  references  directly  cited  in  the  body  of  this  report  but  the  large  majority 
of  literature  available  to  the  authors  regarding  experimental  researches  into 
the  external  aerodynamics  of  high-lift  flow  controls.  In  addition  to 
references  describing  the  characteristics  of  the  various  systems,  much  in 
the  way  of  pertinent  theoretical  work  has  been  included,  and  the  more  detailed 
reports  describing  relatively  new  and  useful  testing  techniques  in  this 
field  are  given.  Further,  it  was  attempted  to  include  reports  which  have 
unusual  bibliographical  value  or  which  describe  some  of  the  lesser-understood 
phenomena  ("Coanda  effect",  "chord-extension  effect",  etc.). 

Although  several  references  are  presented  which  deal  primarily  with 
power  requirements,  low-drag  suction,  suction  slot  design,  etc.,  this 
bibliography  can  in  no  way  be  taken  to  be  complete  in  such  fields,  these 
references  being  given  simply  to  provide  some  start  for  the  engineer 
becoming  interested  in  such  matters.  The  bibliography  is  intended,  however, 
to  be  as  complete  as  is  possible  (within  the  limitations  of  practicality  and 
availability)  in  the  one  region  dealt  with  in  this  report  —  external 
aerodynamics  of  high-lift  flow  controls.  Because  of  the  familiarity  of  such 
devices  and  the  vast  amount  of  literature  at  hand,  only  a  portion  of  the 
available  unpowered  trail ing-edge  flap  work  has  been  included.  Completeness, 
however,  was  regarded  as  a  criterion  for  the  other  systems  described.' 

It  is  hoped  that  this  rather'  extensive  bibliography  may  be  of  considerable 
use  in  indicating  the  scope  of  the  work  dons  in  this  area  and  thus  facilitate 
the  initiation  of  B.L.C.  projects  as  well  as  prevent  the  duplication  of 
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effort  which  seems  all  too  common  in  this  field. 

The  first  250  references  deal  primarily  with  two-dimensional  phenomena 
while  the  remainder  treat  the  three-dimensional  case.  Because  of  the  unusual 
length  of  the  bibliography,  a  subject  index  as  well  as  an  author  index  has 
been  included  for  the  convenience  of  the  searcher.  These  indices  may  be 
found  Immediately  after  the  list  of  references. 
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Betz,  A.  and  J.  Latz,  "Reduction  of  Wing  Left  by  the  Drag",  NACA, 
TM  No.  681,  August,  1932. 

Lambourne,  N.C.  and  Pusey,  P.S.,  "Some  Visual  Observations  of  the 
Flow  Over  a  Swept-back  Wing  in  a  Water  Tunnel,  wiih 
Particular  Reference  to  High  Incidences,  British  C.  P. 
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5.2  SUBJECT  INDEX 


I.  Of  General  Interest; 

Refs,  5,  6,  1,  8,  72,  86,  89,  i  12,  113,  150,  158,  170,  218,  237, 

240,  242,  243,  244,  245,  249,  250. 

II.  Of  Unusual  Bibliographic  Interest; 

Refs.  #\,  2,  3,  113,  170,  219,  284,  285,  308. 

III.  Experimental  Techniques: 

Refs,  #25,  26,  27,  42,  145,  241,  246,  251,  252. 

IV.  Two-Dimensional  Profiles  (Low  Speed)  with  and  without  Flow  Control: 

(A)  Summaries  of  Base  Profile  Characteristics; 

Refs.  #9,  19,  21,  22,  23,  24,  73,  198,  223. 

(B)  Base  Profile  Viscid  and  I nv I  sc  id  Phenomena: 

Refs.  #10,  II,  12,  13,  14,  15,  16,  17,  20,  26,  215,  221,  228,  231,  232, 
233,  234,  235,  245,  248,  250. 

(C)  Trai I ing-Edge  Suction; 

Refs.  #28,  29,  30,  31,  32,  33,  34,  35,  36,  37,  38,  6IC,  70,  150,  209, 
211,  216,  249. 

(D)  Trail ing-Edge  Blowing; 

Refs.  #30,  38,  39,  40,  41,  42,  45,  44,  216,  238,  239,  249. 

(E)  "Chord  Extension  Effect"; 

Refs.  #41,  42. 

(F)  "Coanda  Effect"; 

Refs.  #156,  157. 

(G)  Blowing  Jets; 

Refs.  #61 d,  236. 

(H)  Plain  Trai  I  ing-Edge  Flaps;' 

Refs.  #50,  51,  75,  78,  79,  80,  81,  107,  130,  158,  162,  164,  165,  166, 

167,  168,  174,  175,  176,  177,  178,  181,  195,  196,  197,  198,  199, 

200,  201. 

(I)  Sp I  it  Trai I ing-Edge  F laps; 

Refs.  #51,  52,  83,  84,  91,,  92,  93,  98,  99,  100,  103,  104,  105,  107,  108, 
172,  188,  !'9I,  194,  199,  200,  213. 
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(J)  Slotted  Trai  i ing-Edge  Flaps: 

Refs.  #49,  53,  54,  55,  56,  57,  83,  87,  96,  99,  100,  103,  107,  126,  127, 
128.  129,  130,  132,  158,  161,  163,  169,  171,  173,  179,  180,  181, 
182,  183,  184,  186,  187,  189,  192,  201,  204,  206,  207,  210,  217. 

(K)  Suction  Flaps  (Tra 1 1 ing-Edge) : 

Refs.  #610,  68,  69,  70,  71,  112,  130,  150,  205,  206,  208,  209,  217,  243, 
244,  247. 

(L)  Blowing  Flaps  (Trai I Ing-Edge) ; 

Refs.  #38',  42,  59,  60,  16a,  61b,  62,  63,  64,  66,  68,  69,  112,  150,  158, 
159,  203,  214,  243,  244,  247,  249. 

(M)  Flaps  (Trai I ing-Edge)  with  Combined  Suction  and  Blowing; 

Refs.  #6lc,  216,  247,  249. 

(N)  Leading-Edge  Flaps; 


Refs. 

#72, 

73, 

74,  75 

i,  76, 

77, 

CO 

79,  80,  81, 

,  82, 

m 

CO 

CO 

CO 

CO 

CO 

CO 

89,  90,  9 

1,  93, 

150, 

158, 

,  159 

,  170, 

212, 

,  214, 

243, 

244. 

(0) 

Leading-Edge  Slots  and 

Slats: 

Refs. 

#72, 

83, 

87,  89 

,  94, 

95, 

96, 

97,  98 

i,  99, 

100, 

101, 

102, 

103, 

104, 

105, 

106, 

107, 

108, 

158, 

170, 

171, 

210. 

(P) 

Lead  ini 

g-Edge 

)  Suction; 

Refs. 

#108, 

109 

.  110, 

III, 

112, 

1  13 

,  114, 

115, 

116, 

117, 

1  18, 

11-9, 

120, 

121, 

122, 

123, 

1.24, 

125, 

126, 

127, 

128, 

129, 

130, 

131,  1 

32, 

133, 

134, 

135, 

136, 

137, 

138, 

139, 

140, 

141, 

142, 

143, 

144,  1 

45, 

150, 

170, 

208, 

220,  : 

225, 

226, 

227, 

229, 

230, 

240, 

243,  : 

244. 

(Q) 

Leading-Edge 

Blowing: 

Refs. 

#146, 

147, 

,  148, 

149, 

150, 

151, 

,  152, 

153, 

154, 

155, 

156, 

157, 

158, 

159, 

170, 

.  208, 

2)2, 

220, 

222. 

,  224. 

(R)  Combined  Leading-Edge  Devices: 

Refs.  #66,  150,  158,  159,  170,  212,  243,  244. 

(S)  Combined  Leading-Edge  and  Trai  I ing-Edge  Devices: 

Refs.  #6la,  66,  75,  78,  79,  80,  81,  83,  84,  87,  89,  91,  92,  93,  96,  97, 
99,  100,  iOl,  102,  103,  104,  105,  107,  108,  112,  126,  127,  128, 
129,  130,  132,  158,  159,  206,  208,  214,  217,  243,  244. 

V.  Three-Dimensional  Wings  (Low  Speed)  with  and  without  Flow  Control: 

(A)  Straight  Wings: 

Refs.  #279,  312,  314,  340,  351,  357,  359,  360,  375,  379,  386,  396,  402. 
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Swept -1 

Back  W 

ings: 

Refs. 

#256, 

257, 

260, 

261, 

262, 

263, 

265, 

266, 

267, 

268, 

270, 

273, 

274, 

275, 

277, 

281, 

284, 

294, 

295, 

297, 

298, 

300, 

502, 

:‘i03. 

304, 

307, 

308, 

309, 

310, 

311, 

315, 

318, 

320, 

322, 

323, 

324, 

325, 

326, 

327; 

328, 

329, 

330, 

332, 

333, 

336, 

337, 

343, 

346, 

347, 

348, 

549, 

352; 

355, 

356, 

361, 

363, 

364, 

365, 

366, 

367, 

371, 

374, 

378, 

394, 

397; 

398, 

399, 

402, 

423, 

424, 

425, 

430, 

435, 

439, 

440, 

447. 

Delta  Wings: 

Refs. 

#269, 

301, 

313, 

316, 

319, 

335, 

.336, 

341, 

344, 

345, 

354, 

373, 

380. 

(D)  Swept -Forward  Wings; 

Refs.  #259,  268,  299,  376. 

(E)  Trapezoidal  Wings: 

Refs.  #276,  317,  358. 


(F)  Effects  of  Camber: 

Refs.  #295,  308,  318,  346, 

(G)  Effects  of  Twist: 

Refs.  #346,  347,  366,  399, 


347,  360,  361,  366,  399,  439,  447. 

447. 


(H)  Effects  of  Taper; 


Refs.  #255,  257,  271,  276, 

282, 

283, 

286, 

361,  371, 

384, 

385, 

386, 

388, 

415,  417,  418,  420, 

439, 

443. 

(1) 

Effects  of  Reynolds  Number; 

Refs.  #260,  274,  285,  299, 

302, 

309, 

349, 

355,  357, 

36i, 

447, 

(J) 

Effects  of  Leading-Edge  Rad 

ius  and/cr  Wing 

Sect  ion: 

Refs.  #295,  312,  341,  344, 

345, 

356, 

364, 

368,  383, 

391, 

423. 

(K) 

Effects  of  Aspect  Ratio: 

Refs.  #262,  265,  284,  285, 

298, 

309, 

368. 

(L) 

Effects  of  Sweep; 

Refs.  #262,  265,  277,  285, 

298, 

309, 

348. 

(M) 

Trai 1 ing-Edge  High  Lift  Devices: 

Refs.  #254,  263,  264,  266, 

267, 

27i, 

273, 

274,  275, 

276, 

278, 

279,- 

-282, 

283,  284,  288,  293, 

297, 

299, 

300, 

301,  302, 

303, 

304, 

305, 

308, 

310,  329,  335,  336, 

340, 

347, 

350, 

354,  355, 

360, 

371, 

384, 

385, 

386,  394,  397,  413, 

420, 

447. 

(N) 

Leading-Edge  High  Lift  Devices: 

Refs.  #263,  264,  266,  269, 

273, 

274, 

284, 

297,  299, 

300, 

303, 

304, 

305, 

308,  310,  311,  314, 

320, 

329, 

347, 

355,  378, 

394, 

397, 

398, 

447. 
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(O)  Combined  Leading-Edge  and  Trai I ing-Edge  Devices: 

Refs.  ;^263,  264,  266,  273,  274,  284,  297,  299,  300,  303,  304,  305,  308, 

310,  320,  529,  347,  355,  394,  397,  398,  447. 

(P)  Boundary  Layer  Control: 

Refs.  /?259  ,  306  ,  307  ,  513,  319  ,  321,  322,  324,  325  ,  328,  3.30  ,  334  ,  337, 

338  ,  339  ,  342,  343,  352,  359  ,  362,  406,  422  ,  424,  425,  432, 

(Q)  Stall  Control  Devices: 

Refs,  mi,  299,  303,  304,  305,  318,  320,  324,  330,  331,  355.  397,  417, 
447. 

(R'j  Chord  Extension: 

Refs,  #294,  315,  320,  327,  332,  333. 

(S'  Span  Loading  Methods: 

Refs.  #257,  258,  261,  272,  369,  390,  392,  400,  407,  419,  431,  436,  441. 
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5.3  AUTHOR  INDEX 

WITH  CORRESPONDING  REFERENCE  NUNSERS 

A.  Abbot,  I.  H.  -  8,  9,  199 
Abzug,  N.  J.  -  74 
Adler,  A.  A.  -  165 
Alexander,  S.  R.  -  415 
Al len,  H.  J.  -  200 
Altman,  J.  M.  -  75,  76,  77 
Ames,  M.  B.,  Jr.  -  386 
Anderson,  A.  E.  -  344 

Anderson,  R.  F.  -  255,  343,  372,  388,  443 

Anderson,  S.  B.  -  308 

Ashkenas,  H.  -  280 

Attlnello,  J.  S.  -  242,  243,  244 

Axel  son,  J.  A.  -  106 

B.  Bamber,  M.  J.  -  96,  108,  220,  224 
Bandettini,  A.  -  320 

Bari  ing,  W.  H.,  Jr.  -  374 

Barnard,  G.  A.  -  214,  334 

Barnett,  U.  R.  Jr.  -  270,  305,  394 

Bartlett,  G.  E.  -  341 

Batson,  A.  S.  -  198,  283,  286 

Becht,  R.  E.  -  366 

Bell,  A.  H.  -  191,  192 

Bennett,  C.  V.  -  363 

Betz,  A.  -  94,  216,  448 

Bldwel I,  J.  M.  -  89 

Bielat,  R.  P.  -  351 

Blackaby,  J.  R.  323 

Boddy,  L.  E.  -  318 

Bogdonoff,  S.  M.  -  186 

Bollech,  T.,V.  -  370,  379 

Boltz,  F.  W.  -  439 

Bondle,  R.  J.  -  63,  306,  307 

Braslow,  A.  L.  -  168,  176,  177,  179 

Bray,  R.  S.  -  425 

Brewer,  J.  D.  -  3,  166,  175 

Brower,  W.  B.,  Jr.  -  27 

Brown,  A.  F.  -  193,  291 

Brown,  C.  E.  -  373 

Bryant,  G.  D.  -  145 

Bryant,  L,  W.  -  198 

Bui  levant,  W.  K.  -  215 

Bursnal  I ,  W.  J.  -  331 

Byrne,  R.  W.  -  195,  197 

Byrnes,  A.  L.,  Jr.  326 
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C. 


Cahill,  J.  F.  -  45,  49,  57,  78,  89,  164, 

Cahn,  M.  S.  -351 
Chap  I  In,  H.  R.  -  212,  321 
Chauncey,  W.  E.  -  159 
Cheers,  F.  -  120,  121,  178 
Cheesman,  G.  A.  -  78 
Cheval I  ier,  J.  P.  -  150 
Church,  0.  -  181 
Cincotta,  T.  A.  -  248 
Clark,  K.  W.  202 
Cleary,  J.  W.  -  318 
Cocke,  B.  W.  -  132,  296,  359 


Cohen,  D.  -  399,  419 

Cohen,  J.  -  287,  293 

Concro,  P.  A.  -  327 

Conner,  D.  W.  -  303,  349,  361 

Cook,  W.  L.  -  259,  324,  325,  337,  376 

Cornish,  J.  J.,  Ill  “  145,  148,  240 

Cox,  D.  K.  -  235 

Crandal I ,  S.  M.  -  360 

Croom,  D.  R.  -  301,  335 

Curt  I s,  W.  H.  -  290 


183,  265,  311 


D.  Dannenberg,  A.  E.  -  M7,  II8,  119,  209 
Davidson,  I.  M.  -  43 
Dee,  F.  W.  -  340 
Delano,  J.  B.  -  201 
De  los  Santos,  S.  T.  -  61,  321 
Dame  I e,  F.  A.  -  295 
Deters,  0.  J.  -  299 
Devereux,  A.  M.  -  114,  115 
Dew,  J.  K.  -  347 

De  Young,  J.  -  254,  257,  272,  369,  374,  392 
Dickinson,  H.  B.  -  227 
Dickson,  R.  -  430 

Dike,  D.  J.  -  70,  84,  145,  159,  245 
Dods,  J.  B.,  Jr.  -  163,  203 
Douglas,  0.  -  120,  122 


E.  Ehlers,  F .  -  31 
Embry,  V.  R.  -  329 
Erickson,  A.  L.  -  368 


F.  Fage,  A.  -  16 

Fairbanks,  R.  ~  415 

Falkner,  U.  M.  -  431 

Feigenbaum,  D.  -  371 

Few,  A.  G.,  Jr.  -  366 

Fink,  M,  P.  132,  359 

Finn,  R.  S.  -  412 

Flschel,  J.  -  180,  182,  278,  365 
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BLOWING  AT  THE  BREAK  OF 
THE  TRAILING-EDGE  FLAP 


TANGENTIAL  BLOWING  SLOTS  ARE 
PROVIDED  AT  THI^  BREAKS  OF  BOTH  FLAPS 
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SWEIEIP  ANGLEl  AT  QUARTElR  CHOF^D 


EMPIRICAL  STABILITY  BOUNDARY 
roR  SWEPT  BACK,  UNCAME3ERED, 
UNTWISTED  WINGS 
(ref  303) 
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SVVeETR  ANGt-EL  AT  QUART  ELF?  C-WORO 


RElViSElD  STABILITY  BOUNDARY 
BASEID  ON  MOMBNT  ARBAS 
(REir.  309) 
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EMPIRICAU  BOUNDARY  FOR  PRtDOMiNAl^T 
SEPARATION  TENDENCIES  OF  UNCAM6ERED, 
UNT\AJI5TED  SWEPT  W1NG5  • 

(ref’.  aos) 
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\f)  L-erADlMG- IEOGE:  RADiUS'wVo  OF  CHORD 

PARALLEL  TO  FREE  STREAM  DIRECTION 


FIG  ISO 


influence:  of  aspect  ratio  on  c. 
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AND  VARIOUS  WING  PLAN  FORMS 
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variations  with  5WCCPBACK  ANGLE! 

or  the:  ratio  or  maximum  lift 
corrnciEiNT  or  the:  swept  wing  to 
THE  MAXIMUM  LIFT  COEFPl CIENT  OF 
THE  EQUIVALENT  UNSNNEPT  WING 
AS  DEFINtlD  BY  THEIR  LEADING-EDGE  RADI  I  . 

(  REE.  309) 
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VARIATION  OF  THEI  RATIO  OF  INFLECTION  -  LIFT 
COEFFICIENT  TO  MAXIMUM  LIFT  COEFF¬ 
ICIENT  WITH  5WEEPBACK  ANGLE  FOR 
WHICH  EXH\BIT  EITHER  TRAjLUi4S*^.DGE 
REPARATION  OR  LEADlNC-E^iiiaffsEPARATtON 
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influence:  of  the  C\/VL.!LP©ACK  angle 
ON  THL  wing  MAKlMUivl  LIFT  COCFr-lCiGI'^T 
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